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Abstract 
The Jurassic Walloon Subgroup in the Surat Basin is a prolific source of coal seam gas (CSG) in 
Queensland. Production of CSG commenced from the fairway along the north-eastern basin margin, 
but despite decreasing unit- and net coal thickness of the Walloon Subgroup, exploration and 
production rapidly extended across to the Roma Shelf towards the Nebine Ridge in the west. This 
ridge separates the Surat and Eromanga basins, across which the Walloon Subgroup and the overlying 
Springbok Sandstone are correlated to transition into the Birkhead Formation and Adori Sandstone 
respectively. A regional lithostratigraphic model of the Walloon Subgroup based on wireline data, 
highlights westward thinning of the unit through pinching of the lower (Taroom) coal measures, and 
thinning or erosion of the upper (Juandah) coal measures by the overlying Springbok Sandstone. The 
dis- or unconformable surface represents a change in gradient within the basin, between the rising to 
stable base levels (the coal measures) and falling base levels, the timing and mechanisms of which 
are debated. This thesis tests the lithostratigraphic framework model of the Walloon Subgroup by 
providing alternative markers and trends within the coal maceral and carbon isotopic composition, 
coupled with vertical and lateral variation in the mineralogy and zircon provenance of the interburden 
strata.  
A petrographic and stable carbon isotope study of eight wells from east to west of the basin, records 
a transition from a wet, herbaceous marsh or fen environment during the deposition of the Taroom 
and Lower Juandah Coal Measures to a more arid system, as indicated by a characteristic oxidized 
material-rich (inertinite) signature of the Upper Juandah Coal Measures. In each well across the basin, 
the organic stable carbon isotopes show a positive excursion from the Lower to Upper Juandah Coal 
Measures that sets in well before the increased inertinite content, followed by a shift to more negative 
compositions in coals interpreted to occur within the Springbok Sandstone. The positive excursion in 
organic stable carbon isotope composition represents a global trend, and in the Surat Basin, a shift to 
drier conditions, which ultimately could have caused a drop in regional base level and the creation of 
exposed surfaces, resulting in the Springbok unconformity. The δ13C trend including the positive 
excursion was applied as a tool to test the current lithostratigraphic framework of the Walloon 
Subgroup, and in particular, its relationship with the overlying Springbok Sandstone. On the Roma 
Shelf in the west, this positive excursion, as well as its turning point, occur within the Juandah Coal 
Measures, rather than across the Springbok Unconformity as observed in the east.  
U-Pb geochronology of detrital zircon of the interburden sediments of the Walloon Subgroup 
corroborates south-oriented main drainage fed by westward flowing tributaries, as interpreted from 
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subsurface image log studies and unit isopach maps. While the Walloon Subgroup records extensive 
syndepositional volcanism from a potentially easterly lying source, it also inherited older material 
from northerly lying surface exposures of the Thomson Orogen, as well as the easterly lying New 
England Orogen. Youngest detrital zircon ages approximate recently published depositional ages 
derived from dating of tuffs, and show that preserved strata in the west is significantly younger. 
Detrital zircon age spectra of these younger strata are different and show additional input from the 
Mossman Orogen.  
The source of volcanic lithics and tuffs within this unit remains unknown, but mineralogical analysis 
through hyperspectral scanning of core (Hylogger™) and x-ray diffraction analysis shows an overall 
decrease in volcanic influence to the west of the Surat Basin, corroborating an easterly or north-
easterly lying source. An abundance of swelling clays, which impact on CSG production behaviour, 
is characteristic for the Upper Juandah Coal Measures in the eastern Surat Basin, whereas the 
Tangalooma Sandstone and Taroom Coal Measures are typically kaolinite-rich, corroborating 
increased drainage during their time of deposition. On the Roma Shelf, the swelling-clay rich zone 
associated with the Upper Juandah Coal Measures appears to be absent.  
Trends in maceral and isotopic composition of the coals, as well as U-Pb geochronology of detrital 
zircon and hyperspectral analysis of the interburden sediments of the Walloon Subgroup proved 
helpful in testing the current lithostratigraphic framework, and showed that a thinning of the unit 
across the Roma Shelf and towards the Nebine Ridge is likely attributed to erosion of the Juandah 
Coal Measures. In this interpretation, preserved (younger) strata in the west would be better correlated 
with the Springbok Sandstone. However, on the Roma Shelf, near the present-day subcrop line of the 
Walloon Subgroup, no clear evidence for more pronounced incision, such as angular unconformity 
or thick, channelized sandstone was observed in wireline data. Therefore, the findings of this study 
could alternatively be interpreted as depositional thinning and gentle peneplanation of the Juandah 
Coal Measures on the Roma Shelf, causing the decrease in net coal thickness of the Walloon 
Subgroup. 
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1! INTRODUCTION 
1.1! Overview 
The Surat Basin is part of the Great Artesian Basin and hosts the economically important source of 
unconventional gas in Queensland, the Middle to Late Jurassic Walloon Subgroup, from which coal 
seam gas (CSG), also referred to as coal bed methane (CBM), is produced (DNRM, 2017).  
Production of CSG in the Surat Basin (Figure 1-1) commenced from the gas fairway along the north-
eastern margin in 2006, and many geological studies utilising the open file exploration data of this 
area have been published over the last decade. Exploration and production has fast extended to the 
west, however, the Walloon Subgroup and its coals thin out across the Roma Shelf and the Nebine 
Ridge before transitioning into the Birkhead Formation of the adjacent Eromanga Basin (Figure 1-1 
and 1-2; OGIA, 2016; Zhou et al., 2017). Despite being a target for CSG production, the Walloon 
Subgroup in the western Surat Basin is poorly studied. Difficulties commonly arise when attempting 
to correlate the Walloon Subgroup regionally and into the Birkhead Formation of the Eromanga 
Basin, following the lithostratigraphic nomenclature for the Walloon Subgroup, as described in Jones 
and Patrick (1981) or Hamilton et al. (2014). This is due to a high degree of variability of individual 
seams and seam groups, and a lack of extensive stratigraphic marker horizons. 
A new lithostratigraphic framework model for the Surat Basin based on geophysical well data was 
introduced by the Office for Groundwater Impact Assessment (OGIA, 2014 and 2016; Figure 1-3). 
Basin wide changes in the internal architecture of the strata of the Surat Basin were investigated, 
offering a new take on their stratigraphy, in particular along the western basin margin. The abundance 
of CSG wells along the north-eastern gas fairway provides a great deal of control and certainty for 
this model; however, towards the west and south of the basin, where net coal thickness and gas 
contents are lower, and well spacing is less dense, little control is provided (Figure 1-1). Production 
of CSG is being undertaken on the Roma Shelf in the west, but well density decreases further towards 
the Eromanga Basin, resulting in great uncertainty surrounding the lateral continuity of the Walloon 
Subgroup with the Birkhead Formation of the Eromanga Basin. 
One goal of this project was to test the lithostratigraphic framework and regional correlations for the 
economically important Walloon Subgroup in the Surat Basin (OGIA, 2016; Figure 1-3 and 1-4), and 
the other to understand variability in coal and interburden composition in this context. Since more 
conventional stratigraphic marker horizons, such as marine shales, or the thick and laterally extensive 
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tuff beds of the Permo-Triassic Bowen Basin, are lacking within the Jurassic Walloon Subgroup of 
the Surat Basin, the coals themselves, as well as their interburden were analysed. Trends in the 
petrographic and stable carbon isotopic composition of coals, as well as variations in the 
mineralogical composition and detrital zircon provenance of interburden sediments were then tested 
for their potential to serve as alternative stratigraphic markers. The outcome of this study not only 
assisted in testing the current stratigraphic framework model (OGIA, 2016), it also provided insight 
into the depositional environment of the coals and changes therein, and shed light on sediment 
provenance and sediment dispersal patterns. It further highlighted the distribution of swelling clays 
(fines), which impact on gas production behaviour of these unconventional reservoirs. This work built 
upon and extended westward published geological studies by Hamilton et al. (2014), Shields & 
Esterle (2015) and Bianchi et al. (2017), and was complimented by studies conducted in parallel on 
the chrono-and biostratigraphy of the Walloon Subgroup (Wainman et al., 2015 and 2017) and 
provenance of stratigraphically related units (Bein, 2016).  
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Figure 1-1: Isochore map of the Walloon Coal Measures (top Juandah Coal Measures to base 
Taroom Coal Measures), showing cumulative coal thickness per borehole. The main structural folds, 
as well as the outline of underlying Bowen Basin are shown (from Zhou et al., 2017). A-A’ line marks 
the cross section shown in the inset.  
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1.2! Geological setting 
The Jurassic to Lower Cretaceous Surat Basin is a large, intracratonic basin, which extends over an 
area of approximately 300,000 km2 in eastern Australia. Sedimentation within the Surat Basin, the 
adjacent Eromanga and associated Mesozoic basins (Figure 1-2) initiated in the latest Triassic, after 
a phase of contractional deformation and widespread erosion in the Middle to Late Triassic resulted 
in peneplanation of the basins and basement rocks of eastern Australia (Exon, 1976; Fielding et al., 
1990; Korsch & Totterdell, 1996; Korsch et al, 2009; Hoffman et al., 2009). The Surat Basin partly 
overlies the Permian-Triassic Bowen and Gunnedah basins and is continuous with the Eromanga 
Basin to the west and the Clarence-Moreton Basin to the east. It is part of the Great Artesian Basin 
complex (Exon, 1976; Martin et al., 2013; Figure 1-2).  
The Surat Basin comprises of approximately 2500 m of sediment that was deposited in six 
sedimentary cycles, in mainly fluvio-lacustrine settings in the late Triassic and Jurassic and coastal 
to shallow marine in the Cretaceous (Exon, 1976; Hoffmann et al., 2009). To this day, the mechanisms 
causing subsidence in the basin remain unresolved. Conflicting theories regarding plate interaction 
processes were temporally linked to the deposition of the Middle – Late Jurassic strata. Some workers 
favour mantle convection related to a westward subduction zone along eastern Australia (Exon, 1976; 
Korsch et al., 2009), others suggested dynamic platform tilting induced by a lithospheric slab (Russel 
and Gurnis, 1994; Matthews et al., 2011; Smith et al., 2017). In contrast, Fielding (1996) and Yago 
& Fielding (1996) proposed active intraplate rifting with the onset of rifting of the eastern margin of 
the Australian plate. 
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Figure 1-2: Geological map of eastern Australia (modified after Jell, 2013), showing location of the 
Jurassic-Cretaceous Surat Basin, as well as the underlying Permo-Triassic Bowen Basin.  
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The focus of this thesis is the Middle to Late Jurassic (165-158 Ma; Wainman et al., 2015) Walloon 
Subgroup of the Surat Basin. This unit hosts coals of subbituminous rank, which were described to 
have formed in herbaceous and forest swamp environments (Khavari-Khorasani, 1987; Salehy, 
1986). The variability in coal and interburden character allows the Walloon Subgroup to be 
subdivided (from top to bottom) into upper (Juandah) coal measures, a relatively coal barren zone 
(Tangalooma Sandstone), which is difficult to trace throughout the basin, lower (Taroom) coal 
measures and the Durabilla Formation (Figure 1-3; Scott et al., 2007; Hamilton et al., 2014). The 
Walloon Subgroup overlies a sandstone-dominated, fining upward unit, called the Hutton Sandstone. 
Together, this defines a depositional cycle within the Surat Basin, referred to as the “K-Sequence” 
(Hoffmann et al., 2009).  The Walloon Subgroup is overlain by an erosively based unit called the 
Springbok Sandstone, which in places is considered a regional aquifer (Figure 1-3).  
Based on the presence of volcanic lithics, montmorillonite and abundant, but laterally not persistent 
tuffs, the Walloon Subgroup sediments are interpreted to be derived from a volcanic source to the 
east, whereas the underlying more quartzose Hutton Sandstone is associated with a stable craton to 
the east (Exon, 1976; Hawlader, 1990; Boult et al., 1990). Palaeocurrent measurements from 
subsurface borehole image logs from the Walloon Subgroup also suggest sediment input from the 
north, which feeds a south-oriented, multi-channelled drainage system that also received sediment 
from the eastern volcanic source (Shields & Esterle, 2015).  
The most recent and most detailed lithostratigraphic framework study of the Surat Basin has shown 
that the thickness and character of the strata vary throughout the basin (Figure 1-4; OGIA, 2014 and 
2016). Even though the Birkhead Formation of the westerly lying Eromanga Basin was described to 
be continuous with the Walloon Subgroup in the Surat Basin (e.g. Exon, 1976), the most recent 
correlations suggest that this only holds in part. In the west, the Juandah Coal Measures were 
suggested to be eroded, and the Taroom Coal Measures were described to pinch out across the Nebine 
Ridge (OGIA, 2014 and 2016). That leaves the Tangalooma Sandstone, a unit that is also laterally 
discontinuous, and variable in its composition, as the only part of the Walloon Subgroup to be 
continuous with the Birkhead Formation (OGIA, 2014 and 2016). An alternative interpretation, based 
on CA-TIMS dating of tuffs within the Walloon Subgroup, arose while this thesis was in preparation, 
and includes a thinning and younging (of approximately 5 Ma) of this unit towards the western margin 
of the Surat Basin due to increased subsidence east of the Leichhardt–Burunga, Wambo and Moonie-
Goondiwindi faults (Wainman et al., 2017; Figure 1-2).  
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Figure 1-3: Stratigraphy of the Surat Basin (modified after McKellar, 1998). Chronostratigraphy 
after McKellar (1998), adjusted by Wainman et al. (2015); CA-TIMS depositional ages for the 
Walloon Subgroup (on the right-hand side of this figure) from Wainman et al. (2017). Depositional 
cycles after Hoffmann et al. (2009); Stratigraphic subdivision of the Walloon Subgroup after OGIA 
(2016). 
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Figure 1-4: Correlation of wells, spanning a section from the west to the north to the east of the Surat 
Basin, highlighting thinning of the Walloon Subgroup to the west. The datum of this section is the top 
of the Westbourne Formation (courtesy of OGIA, 2016).  
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1.3! Research objectives, questions and methodology 
The aim of this thesis was to characterise the lateral variability in coal and interburden character, and 
in doing so, to test the current, regional lithostratigraphic framework (OGIA, 2014 and 2016). This 
was achieved by providing alternative stratigraphic markers, which stem from an investigation of the 
character of the coals and interburden of the Walloon Subgroup across the Surat Basin and the Nebine 
Ridge to the west, where the Walloon Subgroup passes laterally into the Birkhead Formation of the 
Eromanga Basin. The coals and interburden were characterised through a basin wide and integrated 
study of coal composition and organic stable carbon isotope geochemistry, as well as mineralogical 
analysis through hyperspectral scanning of core, and provenance analysis through U-Pb 
geochronology of detrital zircon. This further provided valuable insight into depositional environment 
and palaeomire conditions of the Walloon Subgroup, and addressed conflicting interpretations of 
sediment source and dispersal (e.g. Boult, 1998; Shields & Esterle, 2015).  
 
1.3.1! Component 1 – Characterisation of coals and application as correlation tool 
Component 1 included a thorough characterisation of the coals of the Walloon Subgroup through 
maceral analysis, fine-scale lithotype logging and organic carbon isotope analysis, which contributed 
to the interpretation of the environment of peat formation including implications for palaeoclimate 
and –vegetation. Trends in maceral and stable isotopic composition were then tested for their potential 
to serve as a correlation tool.  
 
KEY RESEARCH QUESTIONS: 
•! How does the character of the Walloon coals change across the Surat Basin and into the 
Eromanga Basin? 
•! What are the implications of lithotype distribution, maceral and stable carbon isotopic 
composition for the environment of peat formation, including palaeoclimate, regional base 
level and palaeovegetation? 
•! Can characteristics of the coal serve as stratigraphic markers and assist in overcoming 
uncertainties related to the correlation of subunits of the Walloon Subgroup throughout the 
Surat Basin? 
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•! What are the implications for the current stratigraphic framework of the Walloon Subgroup? 
 
1.3.2! Component 2 – Characterisation of interburden and application of chemostratigraphy as 
correlation tool 
Conflicting interpretations regarding sediment provenance, dispersal patterns and the tectonic 
mechanisms driving the sedimentary organisation of the Walloon Subgroup are published in the 
literature (e.g. Exon, 1976; Yago, 1996; Boult et al., 1998; Shields & Esterle, 2015). While often 
suggested to be derived from an easterly lying volcanic arc (e.g. Boult et al., 1998), which fed 
westward flowing fluvial systems, subsurface palaeocurrent analysis suggests the existence also of a 
southerly-oriented central drainage system during the deposition of the Walloon Subgroup (Shields 
& Esterle, 2015). In order to test the current understanding of sediment dispersal in the Surat Basin, 
especially along the underexplored western margin of the Surat Basin, a detailed detrital zircon 
provenance study, in conjunction with a thorough characterisation of the mineralogy of the 
interburden sediments of the Walloon Subgroup was conducted. This was achieved through detailed 
mineralogical characterisation applying Hylogger™ core scanning technology, x-ray diffraction 
analysis (XRD) and U-Pb geochronology of detrital zircon of sandstones. Interburden 
chemostratigraphy using Hylogger™ and XRD were also applied to test regional correlations of the 
Walloon Subgroup, and to identify swelling clay rich zones, which can impact on CSG production 
behaviour.  
 
KEY RESEARCH QUESTIONS: 
•! Do provenance and mineralogy of the interburden of the Walloon Subgroup change 
throughout the Surat Basin and across the Surat-Eromanga transition? 
•! What does this say about sediment dispersal? 
•! Can characteristics of the interburden serve as stratigraphic markers and assist in testing the 
regional correlation of subunits throughout the Surat Basin? 
•! What are the implications for the stratigraphic framework of the Surat Basin? 
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1.4! Research significance and innovation 
The Walloon Subgroup is an important, subbituminous and hydrogen-rich source of mainly microbial 
methane (Draper and Boreham, 2006; Hamilton et al., 2014). This makes them an ideal substrate for 
microbial methane generation in geological time, and potentially a target for in situ bioreactors. The 
latter relies on understanding the variability in coal character as a potential feedstock.  The prelude to 
this study (Hentschel, 2013) had this focus, and formed a basis for the current thesis.  
Although the petrographic composition of the coals was known, this thesis provides the first stable 
carbon isotopic record for the Walloon Subgroup, and was able to integrate this with petrology and 
existing palynology to map the auto- and allogenic drivers behind succession and depositional mire 
environments. The isotopic record allowed the measures to be tied into global climatic events, but 
locally also provided a new method for regional correlation. Although not covered in this thesis, the 
compositional variability also impacts on the reservoir properties, as it influences the porosity and 
permeability of the seams under given stress conditions. 
Hylogger™ has been used to examine mineralogical changes, but rarely as a tool for 
chemostratigraphy at a basin scale. The mineralogy changes as a function of provenance and 
diagenesis, and the former was also tested by detrital zircon analysis. This was conducted 
concurrently with absolute age dating of tuffs, and was able to show that preserved strata young to 
the west and record different mineralogy and sediment provenance.  The distribution of swelling clays 
has implications for CSG production behaviour of the Walloon Subgroup. 
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1.5! Research outcome and structure of thesis 
This thesis has been produced as a ‘thesis by publication’ and consists of three papers that demonstrate 
the sequential investigation of the Walloon Subgroup of the Surat Basin and its depositional 
environment, culminating in the assessment of the current stratigraphic framework (OGIA, 2016). 
The chapters 3-5 are presented as standalone peer-reviewed, scientific publications, which were 
developed from the above components proposed at the start of candidature. Consequently, some 
inevitable repetition, in particular in background information, may be encountered throughout this 
thesis.   
The literature review presented in chapter 2 summarizes previous investigations of the geology of the 
Surat Basin and the depositional environment of its strata, and serves to identify research gaps and 
controversies, which will be addressed in this thesis. This chapter collates literature from peer-
reviewed journal papers, government reports and a number of recent research theses. 
The first research paper, titled “Petrologic and stable isotopic study of the Walloon Coal 
Measures, Surat Basin, Queensland: Peat accumulation under changing climate and base level” 
forms chapter three of the thesis. This chapter summarizes the investigation into the composition of 
the coals, their environment of deposition and changes therein, which are namely changes in climate, 
base level and vegetation. The following hypotheses were tested: 
H1. The coals of the Walloon Subgroup formed in an herbaceous and forested swamp environment. 
H2. The coals of the Walloon Subgroup record basin wide trends in their petrologic and stable carbon 
isotopic composition. 
H3. Changes in petrologic and stable carbon isotopic composition reflect fluctuations in base level 
and climate during the deposition of the Walloon Subgroup, from relatively humid conditions to more 
arid conditions, during which the peat mire is exposed. 
A combined stable carbon isotopic and petrologic approach, including maceral analysis and fine scale 
lithotype logging, was applied. The results of this investigation refuted the interpretation of a forest 
swamp environment, but rather suggested a mainly herbaceous marsh to fen depositional setting of 
the Walloon Subgroup. It also highlighted that a relatively higher proportion of oxidized material is 
recorded in the maceral composition of the Upper Juandah Coal Measures, which corresponds to 
changes in base level. This change in base level represents the transition from the transgressive 
systems tract to the late stage falling cycle of the high stand systems tract of the depositional cycle. 
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Further, a positive excursion in stable carbon isotopic composition sets in in the Lower Juandah Coal 
Measures, before the occurrence of increased oxidized material, and culminating in the Upper 
Juandah Coal Measures. This follows a global climate change that occurred in the mid-Oxfordian of 
the Late Jurassic, which likely triggered falling base levels in the Surat Basin. 
Following on from this work, the trends in stable carbon isotope composition recorded in the coals of 
the Walloon Subgroup, in combination with maceral composition, were tested for the potential to 
serve as a stratigraphic marker. The following hypotheses were tested: 
H4. The positive excursion (and inflection point) in stable carbon isotopic composition is a basin 
wide occurrence, which corresponds to the Springbok Unconformity. 
H5. The thinning of the Walloon Subgroup and by implication the decrease in net coal thickness to 
the west is a result of erosion prior to the deposition of the overlying Springbok Sandstone, and is 
supported by truncated or condensed isotopic trends. 
Additional organic carbon isotope analysis was conducted on coal samples of the Walloon Subgroup 
to extend the existing data set presented in chapter three. The results were published in a second 
research paper, titled “The use of stable carbon isotope trends as a correlation tool – an example 
from the Surat Basin, Australia”. This paper addresses component 1 as outlined above, and 
illustrates the applicability of organic stable isotope excursions as a correlation tool, provided that 
those trends follow global changes in the ocean-atmosphere carbon reservoir. The positive excursion 
in carbon isotopic composition occurs across the Springbok Unconformity and could therefore be 
used to test the extent of incision into the Walloon Subgroup, in particular along the western basin 
margin, where the Walloon Subgroup thins out. This component suggested that the incision of the 
Walloon Subgroup prior to the deposition of the Springbok Sandstone was more extensive on the 
Roma Shelf compared to the north-eastern margin of the basin.  
As very limited age constraints, such as dates derived from U-Pb geochronology, were initially 
available for the Walloon Subgroup on the western side of the Surat Basin, further investigation into 
the lateral continuity of the subunits of the Walloon Subgroup throughout the Surat Basin and across 
the Nebine Ridge was required. This was of particular interest, when new age dates from the Roma 
Shelf of the western Surat Basin were published. These age dates suggested that the preserved strata 
of the Walloon Subgroup are approximately 5 Myr younger in this area (Wainman et al., 2017). 
Further, conflicting interpretations of provenance and sediment dispersal of the Walloon Subgroup 
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exist in the literature and required testing (e.g. Exon, 1976; Yago, 1996; Boult et al., 1998; Shields & 
Esterle, 2015).  
Paper 3, titled “U-Pb detrital zircon geochronology of Middle to Late Jurassic strata in the 
Surat and Eromanga basins, eastern Australia” presents the results of laser ablation inductively 
coupled plasma mass spectrometry (LA-ICP-MS) of detrital zircon derived from sandstone samples 
from the Walloon Subgroup and the overlying Springbok Sandstone and underlying Hutton 
Sandstone. This paper addresses component 2 (as outlined in chapter 1.3.), and forms the fifth chapter 
of this thesis. The following hypotheses were tested: 
H6. The sediments of the Walloon Subgroup were deposited in the Callovian to Oxfordian of the 
Middle to Late Jurassic (approximately 165-158 Ma). 
H7. Preserved strata of the Walloon Subgroup on the western margin of the Surat Basin are 
significantly younger than those on the eastern side of the basin. 
H8. Detrital zircon age spectra match those of the northerly lying exposed basement terrains of the 
Tasmanides and support the concept of southerly-oriented trunk drainage during the deposition of the 
Walloon Subgroup and the overlying Springbok Sandstone. 
Maximum depositional ages were determined from LA-ICP-MS analysis and utilized to test the 
current stratigraphic framework of the Walloon Subgroup. Youngest detrital zircon ages from the 
Walloon Subgroup on the Roma Shelf are similar to those of the Springbok Sandstone on the eastern 
side of the basin. Absolute age dates, which are derived from chemical abrasion thermal ionization 
mass spectrometry (CA-TIMS) analysis of volcanic tuff samples, were published while paper 3 was 
prepared for publication. These high-precision ages (from Wainman et al., 2017) closely match the 
maximum depositional ages determined in this study. This could further support that the Walloon 
Subgroup was significantly eroded on the Roma Shelf, and preserved (younger) strata in this area is 
correlative with the Springbok Sandstone. Detrital zircon age spectra of sandstone samples from the 
Walloon Subgroup resemble those of the northerly lying Thomson Orogen and the easterly lying New 
England Orogen (Figure 1-2). Stratigraphically younger samples from the Roma Shelf in the west 
have different detrital zircon age spectra and record additional input from the Mossman Orogen 
(Figure 1-2). With an absence of Jurassic age volcanic rocks in surrounding terrains, the source of 
ashfall tuffs and volcanic lithics in the Walloon Subgroup was likely located outboard to the east of 
the Surat Basin.  
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Chapter six of this thesis presents the results of a mineralogical study, which was conducted applying 
hyperspectral scanning (Hylogger!) of core from wells located across the basin. X-ray diffraction 
analysis was performed in order to confirm the mineralogy as determined by the Hylogger™ system. 
The resulting mineralogical trends were compared to maceral and organic carbon isotope trends 
observed in the coals, as well as depositional ages derived from U-Pb geochronology of detrital zircon 
from sandstone of the Walloon Subgroup. This chapter addresses the following hypotheses: 
H9. Lateral changes in the mineralogy of the Walloon Subgroup can be picked up from the 
Hylogger™ scans and coincide with changes in the regional stratigraphy. 
H10. The mineralogy as determined by the Hylogger™ records petrological trends, from the more 
quartzose, potentially craton-derived sediments of the Hutton Sandstone, to the more volcanic-
influenced sediments of the overlying Walloon Subgroup and Springbok Sandstone.  
H11.The volcanic influence as suggested by the mineralogy decreases towards the west of the Surat 
Basin. 
X-ray diffraction analysis confirmed that the Hylogger™ system is a reliable tool in determining 
downhole mineralogy. A petrological trend, from the more quartzose sediments of the Hutton 
Sandstone to more volcanic influenced sediments of the Walloon Subgroup and overlying Springbok 
Sandstone, could be confirmed through the Hylogger™ scans. Mineralogical analysis further showed 
a decrease in montmorillonite and white mica content towards the west of the Surat Basin, supporting 
the interpretation of an easterly lying volcanic source. The Walloon Subgroup in the eastern Surat 
Basin records a change in mineralogy, from the more kaolinite and white mica -rich sediments of the 
Taroom Coal Measures and Tangalooma Sandstone, to the montmorillonite-rich Upper Juandah Coal 
Measures, following the change from well-drained wetlands or generally more humid conditions to 
drier conditions. On the Roma Shelf, the montmorillonite-rich zone associated with the Upper 
Juandah Coal Measures appears absent, further supporting extensive erosion of this unit. The Walloon 
Subgroup on the Roma Shelf is mineralogically different, as it records increased contents of the Fe-
rich endmember of chlorite (chamosite). The more chlorite-rich sediments on the Roma Shelf were 
earlier determined to be younger and to record a change in sediment provenance, compared to the 
eastern equivalents.  
The seventh and final chapter of this thesis draws together the conclusions from chapters three to six 
and presents a comprehensive summary with special focus on the spatial variation of the Walloon 
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Subgroup throughout the Surat Basin and as it transitions into the Birkhead Formation of the 
Eromanga Basin. 
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2! LITERATURE REVIEW 
2.1! Introduction 
Understanding the continuity and spatial variation of the coals of the Middle to Late Jurassic Walloon 
Subgroup and their stratigraphic relationship with the overlying Springbok Sandstone, in places a 
regional aquifer, is required for the optimization of CSG production forecasting and the prediction of 
potential sweet spots. This entails a thorough investigation of the depositional system of the Walloon 
Subgroup, including: 
•! factors driving coal formation, such as climate and base level; 
•! provenance of sediments, which influences the mineral composition of strata and therefore its 
geotechnical behaviour; 
•! sediment dispersal patterns and the causative factors driving these. 
Subsections within this literature review chapter identify and discuss the current understanding of the 
above processes, which form part of the ongoing construction of a robust, regionally correlative 
framework of the Walloon Subgroup. An introductory section highlights the economic importance of 
the Walloon Subgroup as a source of CSG, which ultimately triggered the continuous geological 
investigation into the regional extent and internal variability of this unit. Since the latter are ultimately 
controlled by the depositional history of the unit, a cursory overview is provided on the structure and 
tectonic evolution of the Surat Basin. An additional subsection summarizes the evolution and current 
understanding of the internal architecture of the Walloon Subgroup. The final section of this chapter 
aims to highlight difficulties that arise when attempting to validate the current stratigraphic model of 
the Walloon Subgroup, and points towards alternative methods that were applied to provide a better 
understanding of its depositional system. Some repetition of the information included in this literature 
review chapter inevitably occurs in the published work presented in chapters 3-6.  
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2.2! Exploration history and economic importance of the Surat Basin in 
Queensland 
Exploration for conventional petroleum in Queensland initiated in the 1960s. Discoveries were made 
in the Bowen, Eromanga, Cooper and Surat basins. With rapid infrastructure development, these 
regions quickly became the major petroleum producers in Queensland. The first commercial gas in 
the Eromanga Basin was produced in the Cooper region in 1976 and the first commercial oil flow 
was reported in the same region just a year later. These hydrocarbon shows triggered major oil 
exploration campaigns. The Eromanga and underlying Cooper basins are now the economically most 
significant oil production areas in Queensland with a production of 511.80 ML from 2014-2015 
(DNRM, 2016).  
Despite consistently recorded oil and gas shows in unconventional reservoirs, these were largely 
ignored, as adequate technology to extract oil and gas from them was lacking. CSG exploration in 
Queensland only commenced in the late 1980s. Commercial production of CSG first started from the 
Dawson River CSG field in the Bowen Basin in 1996 and in the Fairview area in 1998, after reserves 
were discovered in those Permian Coal Measures. Since then, CSG has grown to be the dominant 
source of gas in Queensland, with over 99% of the 2P (proven and probable) gas reserves (DNRM, 
2017).  
Only from 2000 onward, the Surat Basin gained increased interest, after large discoveries of CSG 
reserves were made and it became clear that the lower-rank coals of the Surat Basin could be an 
analogue to the coal of the Powder River Basin in the United States of America, which commercially 
produced significant amounts of gas. In 2006, production of CSG in the Surat Basin commenced from 
the Kogan North field, followed by extraction of CSG from Berwyndale South area. In 2008 the Surat 
Basin overtook the Bowen Basin as certified 2P CSG reserves increased (Figure 2-1). From 2011 to 
2012, for the first time CSG production in the Surat Basin was reported to be higher than that from 
the Bowen Basin (Figure 2-2). The Surat Basin has been the main CSG source in Queensland ever 
since.  2P reserves of CSG were estimated to be 31 210 PJ in the Surat Basin as to June 2016 (DNRM, 
2017; Figure 2-1). Commercial production of CSG in the Surat Basin peaked in 2015-2016, with a 
total production of 793 PJ (DNRM, 2017; Figure 2-2). Other basins (including the Galilee Basin, 
Clarence-Moreton Basin, Styx Basin, Cooper Basin, Eromanga Basin, etc.) have been explored, but 
CSG is currently only produced from the Surat and Bowen Basins.  
  
 
 
19 
 
Figure 2-1 Queensland CSG 2P reserves (from DNRM, 2017). 
 
  
Figure 2-2 Queensland CSG production (from DNRM, 2017). 
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2.3! Regional Geology 
2.3.1! History of geological investigation 
Geological investigation in the Surat Basin has been ongoing since at least 1895, when Jack & 
Maitland mapped the intake areas of the Great Artesian Basin. The first detailed geological map was 
produced by Reeves (1947), who evaluated the petroleum potential of the Roma Area. Since the early 
1960s, with the upcoming interest in the economic potential of the Surat Basin, intensive mapping 
programs by the Bureau of Mineral Resources and the Geological Survey of Queensland, as well as 
company geologists were conducted. The surface and subsurface geology of the southern Surat Basin 
was investigated by Mack (1963). The general geology of the Surat Basin is reviewed and 
summarized first by Day (1964) and later by Power & Devine (1970), Exon (1976), Exon & Burger 
(1981), Fielding et al. (1990) and Korsch et al. (1992). With large discoveries of CSG made in the 
2000s, extensive exploration and drilling campaigns were performed. A great deal of well data is now 
available to the public domain and served as the basis for many studies into the geology of the Surat 
Basin. Most of these studies, however, are focused on the gas fairway along the north-eastern margin 
of the basin. The most important findings are presented in the following.   
 
2.3.2! Basin structure 
The Late Triassic to Middle Cretaceous Surat Basin partially overlies the Permo-Triassic sediments 
of the Bowen Basin, which is bounded by the Auburn Arch and the New England Orogen to the east 
and the St George/Bollon slope to the southwest (Exon, 1976; Green et al., 1997; Figure 2-3). The 
rocks that were present before the sedimentation of the Bowen Basin began are considered basement 
in this area. The most prominent basement feature is the Taroom Trough, which is bound in the east 
by the thrust faults of the Burunga-Leichhardt and the Moonie-Goondiwindi fault systems, and in the 
west by the Nebine Ridge, Roma Shelf and the St George/Bollon slope (Exon, 1976; Figure 2-3). 
Two major faults border the Roma Shelf; the Merivale and Abroath Faults and the Hutton-
Wallumbilla Fault (Figure 2-3 and 2-4). The Permian sediments of the Bowen Basin are mainly 
confined to the Taroom Trough and the Denison Trough. The deepest area is located near Taroom 
(Figure 2-3). The influence of the basement topography is still noticeable in the Surat Basin. The 
depocentre of its sediments is the Mimosa Syncline. The axis of the Mimosa syncline follows that of 
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the Taroom Through. The Surat Basin sediments interfinger with those of the Eromanga Basin across 
the Nebine Ridge to the west and the sediments of the Clarence-Moreton Basin across the Kumbarilla 
Ridge to the east (Figure 1-2). Like the Bowen Basin, the Surat Basin is bound by the Auburn Arch 
and New England Orogen to the east. Its strata dip gently, and fault displacement is subtle relative to 
the Bowen Basin (Exon, 1976).  
 
Figure 2-3: Map showing structural elements of the Surat Basin (modified after Exon, 1976). Note 
that the thrust faults occur at depth in the Bowen Basin.  
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2.3.3! Tectonic evolution 
Sedimentation within the Surat Basin, the adjacent Eromanga and associated Mesozoic Basins (Figure 
1-2) initiated in the latest Triassic, after a phase of contractional deformation and widespread erosion 
in the Middle to Late Triassic resulted in peneplanation of the basins and basement rocks of eastern 
Australia (Exon, 1976; Fielding et al., 1990; Korsch & Totterdell, 1996; Korsch et al, 2009; Hoffman 
et al., 2009). This contractional event is called the Goondiwindi Event, and is known to have caused 
a number of thrust and back-thrust fault systems, which includes the Moonie-Goondiwindi and the 
Burunga-Leichardt faults (Figure 2-3 and 2-4; Korsch et al., 2009).  
 
Figure 2-4 Thickness map of the coal measures of the Walloon Subgroup (top Juandah Coal 
Measures to base Taroom Coal Measures), displaying major structural features. The thrust faults 
occur at depth in the Bowen Basin. Note that the coal measures thin towards the subcrop line due to 
erosion. Seismic line BMR84-14t is shown in Figure 2-5. 
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Figure 2-5 Regional seismic line trending west to east (BMR84-14t). Location of seismic line is shown 
in Figure 2-4 as the pink line.   
Uncertainty surrounds the causal tectonic mechanism(s) driving basin evolution and subsidence in 
the Surat and adjacent Mesozoic basins (Hoffmann et al., 2009). Two conflicting structural settings 
have been proposed, including (1) a back-arc subduction zone along the convergent plate boundary 
of the eastern Australian plate (Waschbusch et al., 2009; Korsch & Totterdell, 2009; Korsch et al., 
2009), and (2) an intracratonic rift zone (Fielding, 1996; Yago & Fielding, 1996). Compared to the 
underlying Bowen Basin, the mechanism(s) driving subsidence in the Surat and Eromanga Basin 
were subtler and hence difficult to reconstruct. Researchers in favour of the presence of a subduction 
zone along the eastern Australian plate margin favour mantle convection as the driving force behind 
the subsidence of the Surat Basin. Geodynamic modelling of the Surat Basin supports the concept of 
subsidence driven by platform tilting due to mantle convection along the subducting plate margin 
(Waschbusch et al., 1999 and 2009). Other workers favour a dynamic topography scenario, induced 
by a subducted lithospheric slab (Russel and Gurnis, 1994; Matthews et al., 2011). Through numerical 
geodynamic forward modelling, Smith et al. (2017) tested the impact of different subduction-related 
scenarios on dynamic topography. These workers found that the uplift pattern observed in the 
Springbok Unconformity of the Surat Basin (Late Jurassic) closely resembles the dynamic 
topography atop a slab-tearing scenario in a convergent plate margin setting. In an alternative 
interpretation, Fielding (1996) and Yago & Fielding (1996) proposed active intraplate rifting with the 
onset of rifting of the eastern margin of the Australian plate. These authors suggest that although the 
adjacent Clarence-Moreton Basin to the east was likely a foreland basin associated with a volcanic 
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arc in the Jurassic, the absence of volcanic arc related rocks rather supports an extensional 
depositional setting for the Surat Basin (Yago & Fielding, 2015).  
Subsidence was described as generally consistent throughout most of the Jurassic, but slightly 
increased during the Late Jurassic and Early Cretaceous (Gallagher, 1990). Gallagher et al. (1994) 
found that subsidence rates decrease from the Clarence-Moreton Basin in the east to the Eromanga 
Basin in the west, and suggest this to be indicative of the presence of an eastern Australian volcanic 
arc.  
Regardless of the prevailing tectonic processes, sedimentation of the Surat Basin clastics initiated in 
the Early Jurassic and occurred in six cycles (Figure 1-3; Exon, 1976; Exon & Burger, 1981; Day et 
al., 1983; Gallagher, 1990). Deposition then ceased in the mid-Cretaceous, as regional uplift and 
tilting caused erosion of as much as 3 km of Jurassic to Cretaceous sediments in the north, defining 
the present-day outline of the Surat Basin (Raza et al., 2009). This mid-Cretaceous event is known as 
the Moonie Event (Korsch et al., 1998). Despite tectonic quiescence during the Jurassic, the activation 
of older tectonic features (thrust faults; Figure 2-3, 2-4 and 2-5) of the underlying Bowen Basin in 
the mid-Cretaceous has resulted in slight deformation of the Surat Basin strata, such as the Kogan 
and Undulla anticlines caused by reactivation of the Moonie-Goondiwindi and Burunga-Leichardt 
fault systems along the eastern basin margin (Korsch et al, 1998), or the formation of structural 
features (Comet Ridge and Balonne Nose; Ryan et al., 2012) around the Roma Shelf due to 
reactivation of the Hutton-Wallumbilla fault on the western side of the Surat Basin.  
 
2.3.4! Depositional cycles in the Surat Basin 
The gently-folded Surat Basin strata have a total thickness of approximately 2500 m and were 
deposited in mainly fluvial-lacustrine settings in the late Triassic to Jurassic, but in coastal and 
shallow marine depositional settings during the Cretaceous (Exon, 1976; Hoffmann et al., 2009). Six 
depositional cycles or supersequences (supersequence J, K, L, M, N, O) across the Jurassic and 
Cretaceous have been recognized (Figure 1-3; Exon, 1976; Exon & Burger, 1981; Day et al., 1983; 
Gallagher, 1990). Exon (1976) termed these sedimentary cycles ‘cyclothems’. Each supersequence 
caps a fining upward sequence, starting with the presence of thick, basal sandstone, followed by 
siltstone, mudstone and sometimes coal at the top (Hoffmann et al., 2009). Three of those 
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supersequences plot into the Early to Late Jurassic basin fill period (Figure 1-3; Green et al., 1997; 
Hoffmann et al., 2009). Hoffmann et al. (2009) describe those supersequences to be second order 
sequences that have lasted approximately 15-25 Ma.  The Walloon Subgroup, the focus of this study, 
forms part of the second depositional cycle of the Surat Basin (supersequence K) and is 
unconformably overlain by the Springbok Sandstone, which marks the onset of a new depositional 
cycle (supersequence L; Figure 1-3).  
 
K-SUPERSEQUENCE 
The deposition of the Middle Jurassic (McKellar, 1998) Hutton Sandstone atop an unconformable 
surface marks the beginning of the second, major depositional sequence in the Surat Basin, which 
lasted approximately 19 Ma (K-supersequence; after Hoffmann et al, 2009). The fining upwards K–
supersequence comprises the Hutton Sandstone, the heterolithic Eurombah and/or Durabilla 
Formation and the coal measures of the Walloon Subgroup, in younging order (Figure 1-3; Exon, 
1976; Hoffmann et al., 2009). The Hutton Sandstone was described as a heterogeneous succession of 
blocky, fining-upward or multi-story sandstones (Reeves, 1947; Mollan et al., 1972; Exon, 1976; 
Guiton et al., 2015). Guiton et al. (2015) suggest that this unit comprises fluvial and tidally influenced 
distributary channels, crevasse splays and floodplain facies. Exon (1976) proposed that the Hutton 
Sandstone is conformably overlying the Evergreen Formation; however, Hoffmann et al. (2009) state 
that major incision of the Hutton Sandstone into the underlying Evergreen Formation was observed 
in wireline logs. The overlying Durabilla Formation records increasing base level in the transgressive 
systems tract of the sequence and comprises minor, fine to coarse sub-labile sandstone (Gray, 1972; 
Swarbrick et al., 1973, Swarbrick, 1973; Exon, 1976) that were deposited by north-easterly flowing 
(Exon, 1976) sluggish, meandering channels encased in floodplain silt- and mudstones (Hoffmann et 
al., 2009, Hamilton et al., 2014). Atop the Durabilla Formation rest the coal measures of the Walloon 
Subgroup, recording continued base level rise in the Oxfordian of the Late Jurassic, followed by a 
change to decreasing base level, as indicated by a change in grainsize from fining upward to 
coarsening upward (Hoffmann et al., 2009). Sandstones interbedded with coals indicate a fluvial 
depositional environment, in which peat mires form on poorly drained floodplains (Exon, 1976). The 
Durabilla Formation and Walloon Coal Measures form the Middle to Late Jurassic Walloon 
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Subgroup. Their lithostratigraphic subdivision, composition and depositional environment will be 
discussed extensively in the following chapters.  
 
L- SUPERSEQUENCE 
The third sedimentary cycle, termed L-supersequence by Hoffmann et al., (2009), represents the last 
Jurassic sedimentary sequence in the Surat Basin and comprises the coarse and labile Late Jurassic 
Springbok Sandstone and the heterolithic Westbourne Formation (Figure 1-3; Exon, 1966; Exon, 
1972; Galloway, 1972; Mollan et al., 1972; Swarbrick et al., 1973; Swarbrick, 1973; Exon, 1976; 
Hoffmann et al., 2009). The Springbok Sandstone was previously described to conformably rest atop 
the Walloon Subgroup (Exon, 1976); however, work by Swarbrick (1973), Hoffmann et al. (2009), 
Hamilton et al. (2014), and Sliwa et al. (2014) suggested that the contact between these units is 
erosive. Generally, the Springbok Sandstone comprises of amalgamated, fluvial sandstones, which 
have a lower thickness than the underlying Walloon Subgroup. It represents the low stand and initial 
transgressive systems tract of the sequence. The basal Springbok Sandstone records high-energy 
channels, which then became less vigorous and cumulated in the deposition of overbank and swamp 
deposits of the upper Springbok Sandstone (Hoffmann et al., 2009). The Westbourne Formation 
conformably overlies the Springbok Sandstone and represents the fine-grained component of the 
transgressive systems tract and the high stand systems tract of supersequence L (Hoffmann et al., 
2009).  
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2.4! The Walloon Subgroup 
2.4.1! Evolution of the lithostratigraphic framework  
Over the last four decades, the investigation into the internal organization of the Middle to Late 
Jurassic Walloon Subgroup has evolved from outcrop studies in coal mine exploration (e.g. Jones & 
Patrick, 1981), to more localised studies of the Walloon Subgroup as a source of CSG along the gas 
fairway in the north-east (e.g. Scott et al., 2004), to basin-scale subsurface modelling with the surge 
in CSG production in the Surat Basin, utilizing well data from several thousand CSG wells throughout 
the Surat Basin (e.g. OGIA, 2014, 2016). 
The Walloon Subgroup was first described as a coal-bearing unit, named Walloon Coal Measures, 
which fines upward from the underlying Eurombah Formation and is unconformably overlain by the 
Springbok Sandstone (Cameron, 1970). Swarbrick (1973) further subdivided the Walloon Coal 
Measures into different lithostratigraphic subunits and Jones & Patrick (1981) renamed those subunits 
(in younging order) Taroom Coal Measures, Tangalooma Sandstone and Juandah Coal Measures, as 
part of the Walloon Subgroup. The latter subdivision is the in the CSG industry frequently applied 
lithostratigraphic model for this unit (Figure 2-6).  
 
Figure 2-6 Evolving regional lithostratigraphic nomenclature of the Walloon Subgroup (modified 
from Hamilton et al., 2014). 
The subdivision of the Walloon Subgroup is based on variability in coal and interburden character. 
This unit to be subdivided into the upper (Juandah) and lower (Taroom) coal measures, which are 
separated by a relatively barren zone (Tangalooma Sandstone), which is difficult to trace throughout 
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the basin (OGIA, 2014). The Walloon Subgroup overlies the Durabilla/Eurombah Formation and a 
sandstone-dominated, fining upward unit, called the Hutton Sandstone (Jones & Patrick, 1981; Figure 
2-6). This defines the second depositional cycle within the Surat Basin, referred to as the “K-
supersequence” (Hoffmann et al., 2009). The Eurombah Formation was long treated as a separate, 
transitional unit underlying the Durabilla Formation, but Hamilton et al. (2014) concluded that it 
cannot be traced regionally and this unit should therefore be included with the Durabilla Formation 
(Figure 2-6). The Walloon Subgroup is unconformably overlain by the Springbok Sandstone. Power 
& Devine (1968) first acknowledged that the Springbok Sandstone is lithologically different from the 
underlying Walloon Subgroup, yet the contact between these two units was described as conformable 
(Power & Devine, 1968; Exon, 1976). Swarbrick (1973) first described the coarse and pebbly nature 
of the basal beds of the Springbok Sandstone and proposed that the contact with the underlying coal 
measures is erosional. Green et al. (1997) observed scouring at the base of the Springbok Sandstone, 
as well as lithological differences with respect to the underlying Walloon Subgroup, and therefore 
concluded that an unconformity is present between them. Those lithological differences are visible in 
the wireline character of those units (Green et al., 1997, Sliwa & Fraser, 2004; Hamilton, 2007; Sliwa 
& Esterle, 2008; OGIA, 2016) and identifiable on seismic surveys (Hoffmann et al., 2009). The 
unconformable base of the Springbok Sandstone is thought to represent a major, global event, referred 
to as the ‘Argoland’ break-up along north-western Australia at 155 Ma (Gallagher et al., 2008; Turner 
et al., 2009; Martin et al., 2013). 
The lithostratigraphic subdivision of the Walloon Subgroup further evolved, and the major coal 
bearing measures, the Juandah and the Taroom Coal Measures, were subdivided into nine coal seam 
groups (Figure 2-6; coal seam nomenclature introduced by Scott et al., 2004). While this classification 
is often applied by CSG exploration and production companies operating along the gas fairway on 
the north-eastern margin of the Surat Basin, difficulties arise when attempting to regionally correlate 
these coal seam groups (Martin et al., 2013; Scott et al., 2007).  
OGIA (2016) have modified the lithostratigraphic nomenclature of the Walloon Subgroup based on 
coal and sandstone distributions, and introduced new informal units, which allowed for tighter 
lithostratigraphic control in hydrogeological modelling. These workers suggested unit names based 
on their links to the formally defined stratigraphic units; however, did not intend to redefine those 
(Figure 2-6).   
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2.4.2! Stratigraphic relationship with strata of adjacent basins 
EROMANGA BASIN 
The Eromanga Basin borders the Surat Basin in the west (Figure 1-2) and is part of a depositional 
system, which was active over eastern Australia from the Jurassic to Middle Cretaceous. It also 
represents the major part of the Great Artesian Basin. The Eromanga Basin reaches a maximum 
thickness of 2700 m of Jurassic to Cretaceous strata, but thins significantly towards the basin margins 
(Gallagher & Lambeck, 1989). Similar to the Jurassic sediments of the Surat Basin, the Jurassic 
sediments of the Eromanga Basin are considered to be entirely nonmarine and comprise three interior-
basin sedimentary cycles of fining-upward clastic strata (Exon & Burger, 1981; Burger, 1986; 
Gallagher & Lambeck, 1989).  
Equivalent to the second depositional cycle in the Surat Basin (“K-supersequence”, Hoffmann et al., 
2009), the second depositional cycle in the Eromanga Basin began with the deposition of the Hutton 
Sandstone and culminated in the deposition of the shale-rich Birkhead Formation, which is interpreted 
to be fluvial-lacustrine (equivalent to the Walloon Subgroup of the Surat Basin) (Figure 2-7; 
Gallagher & Lambeck, 1989). The Birkhead Formation is unconformably overlain by the Adori 
Sandstone, the equivalent of the Springbok Sandstone in the Surat Basin (Figure 2-7; McKellar, 
1998).  
The Birkhead Formation is age equivalent with the Walloon Subgroup in the Surat Basin (McKellar, 
1998). It was described to comprise fine-grained sand- and siltstone, but it is more coal-poor than its 
equivalent in the Surat Basin (Exon, 1976). The Birkhead Formation passes laterally into the Walloon 
Subgroup near the Nebine Ridge (Figure 1-2), which separates the Eromanga and Surat basins from 
each other (Exon, 1976). A sand/shale ration map by Power & Devine (1970) suggests a meridonial 
transition between the towns of Injune and Mitchell in the westernmost Surat Basin (Figure 2-3). 
Swarbrick (1973) placed the boundary between both units between Injune and the eastern flank of 
the Nebine Ridge (Figure 2-3), whereas Green et al. (1997) describe the boundary as difficult to define 
due to its transitional nature, but suggest that the term Birkhead Formation should be restricted to the 
Eromanga Basin.  
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CLARENCE-MORETON BASIN 
The Clarence-Moreton Basin successions reach a maximum thickness of 1500 m in Queensland and 
up to 3000 m in the Logan Subbasin in New South Wales (Jell, 2013). The Clarence-Moreton Basin 
borders the Surat Basin in the south-east (Figure 1-2) and its Late Triassic to Middle Jurassic 
sediments are continuous with the Surat Basin across the Kumbarilla Ridge (Figure 2-7; Day et al., 
1983; Jell, 2013).  
The coal measures of the Walloon Subgroup in the Clarence-Moreton and Surat basins are laterally 
equivalent (Figure 2-7). In certain localities, such as the valley of Blaxland Creek, an angular 
unconformity exists with the overlying Kangaroo Sandstone (McElroy, 2008).  
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Figure 2-7 Chronostratigraphy of the Eromanga, Surat and Clarence-Moreton basins and 
palynostratigraphic zones (modified after Jell (2013) and McKellar (1998).  
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2.4.3! The coals of the Walloon Subgroup and implications for their palaeoenvironment  
The coals of the Walloon Subgroup are vitrinite-rich (62 to 91 vol. % mmf; Figure 2-8), with abundant 
liptinite and commonly high mineral matter contents, as found by a study conducted on the coals on 
the north-eastern margin of the Surat Basin (Scott et al., 2007). On a maceral subgroup level, 
telovitrinite is the most common constituent. Among the liptinite group macerals, suberinite and 
cutinite are common in these coals (Khavari-Khorasani, 1987; Pacey, 2011; Hentschel, 2013). While 
some authors consider the coals of the Walloon Subgroup to have formed in herbaceous and forest 
swamp environments without any periods of severe dehydration-oxidation (Khavari-Khorasani, 
1987; Salehy, 1986), there is evidence that the upper coal measures were subjected to desiccation and 
oxidation by fires, indicated by a jump to higher inertinite content within the uppermost coals 
(Leblang et al., 1981; Scott et al., 2007; Hentschel, 2013). The coals of the Walloon Subgroup along 
the north-eastern margin of the Surat Basin are of subbituminous rank, ranging in vitrinite reflectance 
from approximately 0.5 – 0.4 % up section (Scott et al., 2007). If the coals of the Walloon Subgroup 
on the western basin margin have similar composition and rank remains to be validated.  
 
Figure 2-8 Average maceral content (vol. % mmf) for the different coal seam groups of the Walloon 
Subgroup on the north-eastern margin of the Surat Basin (from Scott et al., 2007).  
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The coals of the Walloon Subgroup preserve indicators for a rich understorey consisting of 
Dicksonicean, Osmundacean and Dipteridacean ferns, liverworts, Lycophytes (clubmosses), 
Equisetaleans (horsetails), the Pentoxylacean Taeniopteris and Bennettitaleans (Rees et al., 2000; 
Sellwood and Valdes, 2008; Kear and Hamilton-Bruce, 2011). The main canopy elements were 
Araucarian and Podocarp conifers. Growth rings in trees suggest seasonality (Kear & Hamilton-
Bruce, 2011). Species of Ptilophyllum and Otozamites have relatively smaller leaves and small-
leaved conifers are relatively broad and flat (Gould, 1980; Jansson et al., 2008; McLoughlin & Pott, 
2009).  
Based on palynological analysis, the Walloon Subgroup was considered to be Bajocan to Callovian 
in age (De Jersey & Paten, 1964; McKellar, 1998), a greenhouse period during which Australia was 
still located at higher latitude (Bradshaw & Yeung, 1990; Martin, 2013). Wainman et al. (2015) 
suggest the Walloon Subgroup is Callovian to Oxfordian in age (approximately 165-158 Ma; based 
on CA-TIMS dating of volcanic tuffs; Figure 1-3) and describe the palaeolatitude of the Surat Basin 
during that time to be >75°S, based on plate tectonic reconstruction. This suggests that the peat mire 
would have experienced three months of continuous darkness every year (Wainman et al., 
unpublished).  
 
2.4.4! The interburden sediments of the Walloon Subgroup and implications for provenance and 
sediment dispersal 
The Jurassic and Lower Cretaceous sandstone units in the Surat Basin were classified as either 
quartzose (>50 % quartz) or labile (<50 % quartz; Hawlader, 1990; Figure 2-9). The quartzose facies 
is characterized by mainly plutonic quartz, high K-feldspar to total feldspar ratios, increased kaolinite 
content and only minor smectite, mixed-layer smectite-illite and chlorite. The labile facies comprises 
mainly smectite, mixed layer smectite-illite, but only minor kaolinite. The Walloon Subgroup and 
overlying Springbok Sandstone are part of the labile petrofacies, whereas the Hutton Sandstone was 
classified as quartzose (Hawlader, 1990). 
Grigorescu et al. (2010) conducted x-ray diffraction analysis (XRD) on a number of samples from 
the Walloon Subgroup from one well on the eastern side of the Surat Basin (well name Dalby 1). 
Their findings include that the mineralogy of the Walloon Subgroup is homogenous, with respect to 
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primary minerals. The Walloon Subgroup comprises approximately 40 % quartz, 15-19 % plagioclase 
feldspar, 5 % K-feldspar. Kaolinite is the dominant clay mineral (most frequently 18 %), but its 
concentration varies throughout the formation. Mixed layer clays are dominant over kaolinite in the 
Juandah Sandstone and Durabilla Formation. Chlorite was found to vary from trace amounts to a few 
percent. It is commonly found in the coal measures, yet is absent in the Durabilla Formation and the 
Juandah Sandstone. Illite-rich mixed layers are found in the Lower Juandah Coal Measures, the 
Tangalooma Sandstone and the upper Taroom Coal Measures. Smectite-rich mixed layers are more 
common in the Upper Juandah Coal Measures and in the Durabilla Formation. The most common 
secondary mineral is siderite (Grigorescu et al., 2010).  
Most sediment dispersal studies of the Surat Basin sediments are based on petrographic 
characterisation of minerals and lithics present in these rocks (e.g. Hawlader, 1990), commonly in 
combination with the interpretation of palaeocurrent measurements from surface exposures (e.g. 
Yago, 1996; Yago & Fielding, 2015), and, more recently, subsurface image log data (e.g. Shields & 
Esterle, 2015; Bianchi et al., 2017).  
Hawlader (1990) identified cyclicity of the quartzose (>50% quartz) and the labile (<50% quartz) 
petrofacies in the Surat Basin (Figure 2-9). The quartzose facies is characterised by mainly plutonic 
quartz, high K-feldspar to total feldspar ratios, increased kaolinite content and only minor smectite, 
mixed-layer smectite-illite and chlorite. The labile facies contains smectite, mixed layer smectite-
illite, but only minor kaolinite. While the quartzose facies is presumably derived from the continental 
interior (westerly/south-westerly source), Hawlader (1990) interpreted the labile sandstone facies to 
be indicative of the presence of a volcanic arc (Figure 2-10). The two petro-facies interfinger with 
each other, possibly due to waxing and waning phases of the volcanic arc (Hawlader, 1990). During 
waning phases, influx of quartz-sandstones, derived from the gently rising craton to the west-
southwest, occurred; during waxing phases of magmatism and orogeny, the andesitic arc shed 
volcanic sediment into the foreland basin, which was accompanied by foreland subsidence 
(Hawlader, 1989). These petro-facies were deposited in cycles, roughly following the sedimentary 
cycles described in Hoffmann et al. (2009). Each cycle begins with the deposition of craton-derived, 
quartzose sandstones, which were typically deposited in fluvial environments. The cycle continues 
with deposition of finer-grained, volcanoclastic-rich sandstones, which are often associated with 
tuffs, carbonaceous mudstones and coals (Veevers, 1984; Hawlader, 1990; Waschbusch et al., 2009). 
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It was suggested that the foreland and arc acted in synchrony, with foreland subsidence during times 
of orogeny and rise of the foreland during quiescence of the arc, which was presumably dissected 
during the latter (Jones & Veevers, 1983; Hawlader, 1990). Hawlader (1990) also describes the 
quartzose Hutton Sandstone (Middle Jurassic) as craton-derived, whereas the overlying Walloon 
Subgroup, as well as the Springbok Sandstone (both Late Jurassic) were described as arc-derived.  
 
Figure 2-9 Petrologic cycles of the Surat Basin sediments (modified after Hawlader, 1990).  
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Figure 2-10 Tectonic provenance plots (after Dickinson & Suczek, 1979) for the Springbok 
Sandstone, the Walloon Subgroup/Birkhead Formation and the Hutton Sandstone for wells Mitchell 
2 (western Surat Basin), Roma 8 (Roma Shelf) and Chinchilla 4 (eastern Surat Basin). Data from 
Hawlader (1990).  
The presence of volcanic fragments and montmorillonite has prompted many authors to suggest that 
volcanism related to a subduction zone along the eastern margin of Australia occurred during the 
Jurassic (Figure 2-11; Exon, 1976; Veevers, 1984; Hawlader, 1990; Boult et al., 1998; Hoffmann et 
al., 2009). The abundance of tuff layers within the Walloon Subgroup is clear evidence of 
syndepositional volcanism (e.g. Exon, 1976; Boult et al., 1998). Exon (1976), however, suggested 
recycling from the southwestern block, which comprises sedimentary rocks, metasediments, schists, 
gneisses and granites; as well as recycling from the Auburn Arch and Yarraman Block (New England 
Orogen; Figure 1-2), which consist of granite and gneiss. 
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Figure 2-11 Schematic 3D representation of palaeogeography during the early phase of the 
deposition of the Birkhead Formation, showing influx of craton derived sediment versus volcanic-arc 
sediment from the east (from Boult et al., 1998). 
The Early Cretaceous Surat Siltstone and Griman Creek Formation in the Surat Basin (Figure 1-3) 
record signs of active, syndepositional volcanism in their petrology as well, but their composition 
reflects that of the Whitsunday Volcanic Province (Bryan et al., 1997; Figure 1-2). These units record 
a major volcanic episode between 125 and 105 Ma, which many authors link to extension and rift-
related siliceous large igneous province volcanism, rather than the presence of a long-lived volcanic 
arc (e.g. Bryan et al., 1997; 2000; 2012; Veevers et al., 1997, Veevers, 2000a; 2000b; Bryan & Ernst, 
2008; and Bryan & Ferrari, 2013).  
Analysis of subsurface image logs (Shields & Esterle, 2015) from the Walloon Subgroup is 
contradictory to previous studies (e.g. Exon, 1976; Hawlader, 1990; Boult et al., 1998) and suggests 
palaeoflow toward the south and west along the north-eastern basin margin (Figure 2-12). In the 
north, palaeoflow appears to be towards the south, suggesting that the Nebine Ridge was a positive 
topographic feature at the time (Shield & Esterle, 2015). Southward palaeoflow, as observed near the 
Kumbarilla Ridge, suggests that the Surat Basin was open to the Clarence-Moreton Basin (Shields & 
Esterle, 2015; Figure 2-12).  
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Figure 2-12 Schematic palaeogeography model of the Walloon Subgroup in the eastern Surat Basin 
(from Shields & Esterle, 2015).  
Similar to the provenance of its sediments, the source of the tuffs within the Walloon Subgroup has 
been a subject of debate. Yago (1996) proposed an intra-basinal source, confined to the area between 
the Maryborough and the southernmost Clarence-Moreton Basins. Yago & Fielding (1996) interpret 
the co-occurring accumulation of the tuff-containing Walloon Subgroup and the emplacement of 
mafic intrusions in New South Wales, Tasmania and West Antarctica as a record of the early rifting 
stages of the south-eastern plate margin. Wainman et al. (2015) suggested the tuffs within the Walloon 
Subgroup to be derived from rift-related bi-modal volcanism on the Marion Plateau east of 
Queensland, intraplate volcanism of the Wellington Muswellbrook Narrabbri region of north-eastern 
New South Wales, or volcanic centres to the northeast of the Clarence-Moreton Basin (after Yago 
1996). Based on trace element analysis, Sammons (2015) suggested that the tuffs of the Walloon 
Subgroup are derived from an andesitic arc system. Decreased tuffaceous input toward the northwest 
of the Surat Basin (Ryan et al., 2012) may suggest an easterly volcanic source. An easterly volcanic 
source is supported by mineralogical study of the Springbok Sandstone (Bein, 2016; Bianchi et al., 
in 2017). These findings show an increase in volcanic lithics from west to east in the Surat Basin, as 
  
 
 
39 
well as a decrease in metamorphic lithics toward the east. Based on palaeoflow direction and sediment 
composition, Bein (2016) also suggested recycling from a northerly source, in particular, the Anakie 
Metamorphics of the Anakie Inlier (Cambrian, Thomson Orogen; Withnall et al. 1996; Fergusson et 
al., 2001) and older volcanic terranes, such as the Fork Lagoon Beds of the Anakie province (Figure 
1-2; Ordovician, Thomson Orogen, Fergusson et al., 2007), Greybank Volcanics and/or the Bimurra 
Volcanics (both Devonian, Anakie province, Thomson Orogen; Mawson & Talent, 2003; Jell, 2013).  
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2.5! Correlation 
2.5.1! Challenges in the regional correlation of the Walloon Subgroup and its subunits 
Correlation of heterogeneous and discontinuous strata, in which laterally persistent stratigraphic 
markers are absent, poses many challenges. Meandering streams of varying width resulted in variable 
thickness and splitting of the coals of the Walloon Subgroup throughout the Surat Basin (Fielding, 
1993; Draper & Boreham, 2006; Hoffman et al., 2009). Individual seams vary from 30 cm to 2 m in 
thickness and are laterally constrained from 500-3000 m with complex splitting patterns (Ryan et al., 
2012). Tuff layers within the Walloon Subgroup are abundant, however frequently thin and laterally 
not pervasive (Exon, 1976; Boult et al., 1998; Ryan et al., 2012). Other stratigraphic marker horizons, 
such as marine shales, are absent within the terrestrial Walloon Subgroup (Exon, 1976; Yago, 1996; 
Hoffmann et al., 2009; Martin et al., 2013). Recognition criteria from wireline logs have been 
described for the Walloon Subgroup (Green et al., 1997) and its subunits, and will be discussed in the 
following; however, the thickness, extent and character of these subunits is highly variable, especially 
along the western margin of the basin, where the Walloon Subgroup thins out before passing into the 
Birkhead Formation of the Eromanga Basin (OGIA, 2016).   
 
2.5.2! Techniques previously used in correlating the Walloon Subgroup  
A variety of techniques, including lithostratigraphy, sequence stratigraphy, biostratigraphy, 
chemostratigraphy, and more recently, chronostratigraphy through dating of tuffs, has been applied 
to correlate the Walloon Subgroup and its subunits. The following subsections discuss the results and 
applicability of each of these techniques.  
 
BIOSTRATIGRAPHY 
Palynological investigation of the Walloon Subgroup and Springbok Sandstone on the Roma Shelf 
of the western Surat Basin (McKellar, 1998) allows for inter-basin correlation with equivalent strata 
in the adjacent Eromanga and Clarence-Moreton basins, using spore-pollen association zones (Figure 
2-7). The uppermost section of the Hutton Sandstone and the lowermost part of the Walloon Subgroup 
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were assigned to the Aequitriradites norrisli Association Zone (Figure 2-7; McKellar, 1998). The 
central part of the Walloon Subgroup was assigned to the so-called Contignisporites glebulentus 
Interval Zone. The uppermost section of the Walloon Subgroup, as well as the Springbok Sandstone 
and the lowermost part of the Westbourne Formation on the Roma Shelf fall into the Murospora 
florida Association Zone (Figure 2-7; McKellar, 1998). If the spore-pollen zone classification of the 
Walloon Subgroup (McKellar, 1998) follows the lithostratigraphic subdivision of this unit (e.g. Jones 
& Patrick, 1981) is not further specified. Martin et al. (2013) investigated the palynostratigraphic 
subdivision of the Walloon Subgroup on the north-eastern margin of the Surat Basin. Their findings 
support the biozonation of the Walloon Subgroup of McKellar (1998) from the Roma Shelf in the 
west. The authors, however, did not further subdivide the existing biozones. Based on the relative 
abundance of Contignisporites, further subdivision of spore-pollen zones was successfully done for 
the western equivalent of the Walloon Subgroup, the Birkhead Formation in the Eromanga Basin 
(Gallagher et al., 2008). Due to potentially unfavourable habitats, limited spore production and 
dispersal, and/or dilution of the palynoflora by plant detritus and gymnosperm pollen, this has not 
been successful in the Surat Basin (Martin et al., 2013). The longevity of palynological zones 
(McKellar, 1998) further complicates the correlation of individual units. This is the case for the 
Walloon Subgroup and the Springbok Sandstone in the western Surat Basin, which both were 
assigned to the Murospora florida zone (Figure 2-7). In the Eromanga Basin, a characteristic hiatus 
exists between the equivalent units, and only the Birkhead Formation is assigned to the Murospora 
florida zone, whereas the Adori Sandstone is part of the Retitriletes watherooensis zone (Figure 2-7; 
McKellar, 1998). Due to the absence of such biostratigraphic hiatus, the presence of an unconformity 
at the base of the Springbok Sandstone in the Surat Basin has been debated (McKellar, 1998), and 
evidence is solely of lithological nature (e.g. Swarbrick, 1973). Based on these findings, McKellar 
(1998) also concluded that the Walloon Subgroup is diachronus from the Roma Shelf across the 
Nebine Ridge into the Eromanga Basin.  
 
LITHOSTRATIGRAPHY 
The Hutton Sandstone, an aquifer underlying the Walloon Subgroup, comprises predominantly 
sandstone with interbedded siltstone and shale, as well as minor mudstone and coal (Green et al., 
1997). The top of the Hutton Sandstone is defined as the top of the uppermost quartzose sandstone 
  
 
 
42 
below the labile sandstones and mudstones of the Durabilla Formation and Walloon Subgroup (Green 
et al., 1997). The wireline signature of this unit is characterized by high average resistivity, low 'sand 
baseline' gamma-ray response and quiet sonic log values with fast velocities. A sudden change to 
higher gamma-ray log values, and either a gradational or sudden decline in resistivity log values, 
marks the top of the Hutton Sandstone (Green et al., 1997).  
The lithostratigraphic subdivision of the Walloon Subgroup is based on variations in grainsize, and 
variable proportions of sand and coal, which can be identified in wireline logs. The Durabilla 
Formation, the lowermost subunit of the Walloon Subgroup, conformably overlies the Hutton 
Sandstone and consists of medium- to fine-grained interbedded sandstone, siltstone, and mudstone 
and very rare thin coal beds (OGIA, 2016). It is sublabile to labile and has high peaks on the resistivity 
log, as well as increasing gamma values up-section (Green et al., 1997). The coal measures of the 
Walloon Subgroup comprise very fine to medium-grained, labile, argillaceous sandstone, siltstone, 
mudstone and coal. The wireline signature typically exhibits low average resistivity, but high gamma-
ray log values, as well as a noisy sonic log with commonly slow velocities and spikes of decreased 
density log values due to the coal seams (Green et al., 1997). The base of the Taroom Coal Measures 
is picked at the base of the lowermost seam (Condamine Seam) of the subunit’s three coal seam 
groups (after Scott et al., 2004). The Tangalooma Sandstone is a relatively coal-barren, medium to 
fine grained sandstone unit, interbedded with silt- and mudstones (Scott et al., 2004). It separates the 
Taroom Coal Measures from the Juandah Coal Measures. The Juandah Coal Measures typically 
comprise of fine-grained sandstones, silt- and mudstones and six coal seam groups, where not eroded 
(Scott et al., 2004). The Upper Juandah Coal Measures have a higher proportion of sandstone (OGIA, 
2014), and contain thicker and laterally more persistent coal seams (Martin et al., 2013).  
The overlying Springbok Sandstone commonly comprises of feldspathic sublabile to lithic 
sandstones, frequently with calcareous cement. The Springbok Sandstone has a very fine to coarse-
grained, although sometimes very coarse-grained and poorly sorted nature, with common pebbles and 
rip-up clasts at the base (Swarbrick, 1973). Minor interbedded siltstones and mudstones and thin coal 
seams are mainly confined to the upper part of the unit (Green et al., 1997). The wireline signature of 
this unit is characterized by relatively low gamma-ray and high average resistivity log values, relative 
to the underlying Walloon Subgroup (Green et al., 1997). 
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Thousands of open access wireline logs are currently available (DNRM, 2017), and the internal 
organization of the Walloon Subgroup has progressed towards an increasingly high-resolution 
lithostratigraphic framework over the last four decades. The internal lithostratigraphic subdivision of 
the Walloon Subgroup, however, has been proven to be difficult by various regional studies, due to 
their heterogeneous and discontinuous nature (e.g. Martin et al., 2013; OGIA, 2016). To overcome 
nomenclatural issues in the intra-Walloon Subgroup correlation, some workers now favour the 
application of a sequence stratigraphic framework (e.g. Shields & Esterle, 2015). 
 
SEQUENCE STRATIGRAPHY 
The stratigraphy of a sedimentary basin reflects the interplay between accommodation creation and 
the supply of sediment. The creation of accommodation space is largely controlled by tectonic 
subsidence and uplift, by eustatic sea-level fluctuations and compaction. The rate of sediment supply 
depends on erosion rates and the size of catchment areas, which serve as feeder systems (Allen & 
Allen, 2013).  
The intracratonic Surat Basin, located approximately 300 km inland from the present-day coastline, 
appears to be largely decoupled from global eustatic changes (Bradshaw & Yeung, 1992). Yago 
(1996) proposed that the sedimentary character of the Walloon Subgroup is attributed mainly to 
variations in subsidence and sediment supply. Further, tectonically driven changes in accommodation 
space are likely to have impacted on the organisation of the coal seams of the Walloon Subgroup. 
Terrestrial sequence stratigraphic models can be applied in order to predict the occurrence and 
geometry of coals based on transgressive and regressive units (Bohacs & Suter, 1997).  Transgressive 
coals form when the rise of the water table outpaces peat production, leading to drowning of the peat 
mire (Diessel, 1992; Davies et al., 2006). Conversely, regressive coals form when accommodation 
creation cannot keep up with peat production. As a result, subaerial exposure and sometimes erosion 
occurs (Diessel, 1992; Davies et al., 2006).  The lithology and sedimentary organisation of strata 
further records variability in generation of accommodation space and sediment supply. The K-
sequence of the Surat Basin was described by Shields & Esterle (2015) in the context of an archetypal 
interior basin sequence (after Olsen et al., 1995). Deposition initiated following a sudden drop in base 
level, where under low stand (Olsen et al. 1995) or early transgressive (Hoffmann et al. 2009) 
  
 
 
44 
conditions, amalgamated and multi-story sandstone channels are preserved (Hutton Sandstone). 
These high-energy sediments are unconformably based and are deposited atop a regionally extensive 
erosion surface (sequence boundary), formed previously by a rapid decrease in base level resulting in 
the erosion of older sediments. The accumulation of reworked braided fluvial deposits records 
deposition in a low accommodation environment. The rate of accommodation space slowly increases 
during the deposition of the Hutton Sandstone (low stand (LST) and early transgressive systems tract 
(TST)) and the Hutton Sandstone gradually fines up into the Durabilla Formation, which consists of 
a succession of isolated channels encased in flood-basin and overbank mudstones and siltstones, and 
was likely deposited in a low-energy meandering channel and overbank setting (Figure 2-13; Exon, 
1976; Hamilton et al., 2014).  
 
Figure 2-13 Proximal to distal evolution of the Hutton Sandstone and Walloon Subgroup interval 
(from Hamilton et al., 2014; modified after Leblang et al., 1981).  
Rising base level, possibly caused by basin subsidence, resulted in water logged conditions for peat 
accumulation in the heterolithic Taroom Coal Measures, which formed in a meandering fluvio-
lacustrine setting and have thick coal seams at the bottom of the formation, overlain by stacked 
channel sandstones (Hamilton et al., 2014; Shields & Esterle, 2015). A continued rise in base level is 
thought to have resulted in conditions that are too deep for significant peat accumulation, resulting in 
a relatively barren zone called the Tangalooma Sandstone (Shields & Esterle, 2015). Above this are 
further coal measures, the Lower Juandah Coal Measures often used to mark the relative maximum 
flooding surface (MFS). Based on earlier petrographic studies on the coals of the Walloon Subgroup, 
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formation of the Lower Juandah coal seams under high water table conditions, followed by a drying-
upward trend during the formation of the coals of the Upper Juandah Coal Measures was suggested 
(Scott et al., 2007; Pacey, 2011; Hentschel, 2013). This is consistent with the concept of a reversal in 
base level rise and accommodation space, assigning the Upper Juandah Coal Measures to the high-
stand system tract (HST) of the K-Sequence (Shields & Esterle, 2015). The Springbok Sandstone 
marks the beginning of the LST of the following L-Sequence (Hoffmann et al., 2009).  
Shields & Esterle (2015) broke from the trend of an ever-finer internal lithostratigraphic framework, 
but instead tested the application of a simplistic sequence stratigraphic model for intra-formation 
correlation of the Walloon Subgroup. These authors found that the Walloon Subgroup represents a 
single depositional sequence. The Juandah (after Hamilton et al., 2012) and Tangalooma sandstones 
were investigated as smaller-scale sequence boundaries and potential regional, time-equivalent 
surfaces; however, basin wide correlations of wireline logs have shown that these are neither 
pervasive across the basin, nor contemporaneous (Hamilton et al., 2012; Sliwa et al., 2014).  
 
CHEMOSTRATIGRAPHY 
In addition to biostratigraphy, Martin et al. (2013) further conducted a chemo stratigraphic study of 
the Walloon Subgroup along the gas fairway in the north-east of the Surat Basin, in which variations 
in key element ratios were utilized to subdivide the Walloon Subgroup into nine chemo stratigraphic 
zones. These element ratios ultimately are controlled by the interplay between changes in provenance, 
climate and depositional environment (Martin et al., 2013). Coupled with biostratigraphy, the 
chemostratigraphic zones indicate an overall upward wetting throughout the Taroom Coal Measures, 
and upwards drying throughout the Juandah Coal Measures. This is consistent with the sequence 
stratigraphy of the Walloon Subgroup (Hoffmann et al., 2009; Shields & Esterle, 2015).  
 
CHRONOSTRATIGRAPHY 
A recently published study by Wainman et al. (2017) provides a new take on the internal architecture 
of the Walloon Subgroup. These authors utilized U-Pb chemical abrasion thermal ionization mass 
spectrometry (CA-TIMS) dating of volcanic tuffs as a correlation tool. Based on these tuffs derived 
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dates, a depositional thinning and younging of the Walloon Subgroup to the west due to increased 
subsidence east of the Leichardt-Burunga, Wambo and Moonie-Goondiwindi faults was suggested 
(Wainman et al., 2017). CA-TIMS dating provides high precision age dates (± 40 000 years), but this 
technique is cost-expensive, and requires identification of zircon that did not reside in the source area 
for extended periods of time (Wainman et al., 2017).  
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2.6! Alternative stratigraphic markers from the coals and interburden sediments 
of the Walloon Subgroup 
The absence or limited applicability of traditional stratigraphic markers (e.g. biostratigraphy) causes 
difficulties in the regional correlation of the Walloon Subgroup and its subunits. To test the regional 
extent of this economically important unit, and in order to evaluate its relationship with the over- and 
underlying aquifers, the Springbok and the Hutton Sandstone respectively, robust stratigraphic 
markers are required. Alternative markers could be inferred from the character of the coals and the 
interburden of the Walloon Subgroup. Changes in the character of the coals and the interburden of 
the different subunits of the Walloon Subgroup ultimately reflect changes in their depositional 
environment. For an interior basin, such as the Surat Basin, changes in depositional environment, as 
indicated by previous studies (e.g. Martin et al., 2013; Shields & Esterle, 2015; Martin & Morris, 
2016) are largely controlled by tectonics and climate. Fluctuations in base level, as caused through 
climate and/or tectonically driven subsidence and uplift, can impact on the character of coals. As 
preservation of organic material is directly linked to the availability of water, the maceral composition 
of coals can be utilized to interpret the palaeoenvironmental setting of the mire (Hunt, 1989). It is 
known from several localized studies (mainly along the gas fairway) that the coals of the Walloon 
Subgroup record a trend to more oxidized material (inertinite) in the upper seams (e.g. Scott et al., 
2007). It was interpreted that these formed in the late high stand systems tract of the depositional 
cycle (Shields & Esterle, 2015). If this is a basin wide occurrence, needs to be validated through coal 
petrography (microscopically and megascopically). Stable carbon isotope analysis of coals has the 
potential to detect possible local environmental or allogenic climatic changes (e.g. Gröcke, 2002; 
Hesselbo et al., 2002), which might have impacted on the character of the coals of the Walloon 
Subgroup. To avoid unnecessary repetition, the methodology of coal petrography and organic stable 
carbon isotope analysis, and their implications for the depositional environment, as well as use as 
potential alternative markers, will be detailed in the corresponding thesis chapters (chapter 3 and 4).  
The driving forces for the mineralogical composition of the interburden sediments are provenance 
and diagenesis. Mineralogical studies of the Walloon Subgroup are rare and either localised from the 
gas fairway of the basin (Grigorescu et al., 2010) or based on thin section petrology of a limited 
number of samples (e.g. Hawlader, 1990).  Hyperspectral scanning of drill core using Hylogger™ is 
a reliable tool to compile a complete record of the relative downhole mineralogy, in particular when 
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validated with well-established techniques, such as x-ray diffraction analysis. Hyperspectral scanning 
of core from throughout the basin has the potential to detect spatial and vertical changes in 
mineralogy, and therefore to potentially serve as a chemostratigraphic tool. Existing mineralogical 
and palaeoflow studies led to conflicting interpretations of the provenance and sediment dispersal of 
the Walloon Subgroup (e.g. Yago, 1996; Boult et al., 1998; Shields & Esterle, 2015). U-Pb 
geochronology of detrital zircon from sandstone allows investigating these, and might highlight 
possible changes in source region. Again, the methodology, their implications and potential to serve 
as alternative stratigraphic markers will be discussed extensively in the corresponding thesis chapters 
(chapter 5 and 6).    
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2.7! Summary 
This literature review chapter summarizes the investigation of the Walloon Subgroup of the Surat 
Basin as an unconventional source of natural gas in the light of growing energy demand. Despite a 
spike in CSG exploration and production from the Walloon Subgroup over the last decade, gaps in 
our understanding of its depositional history caused significant ambiguity of the internal architecture 
of the unit. Previous interpretations evolved from outcrop and subsurface studies along the gas 
fairway on the eastern margin of the basin, but despite a decrease of net coal thickness, CSG 
production has extended westwards towards the Roma Shelf and the Nebine Ridge. Operators in these 
areas have acknowledged the regional variability of the Walloon Subgroup, and stepped back from 
applying high-resolution lithostratigraphic models. Recent geophysical subsurface studies aimed to 
investigate the lateral extent of the Walloon Subgroup at a regional scale and the relationship of this 
unit with over- and underlying aquifers. With a lack of conventional stratigraphic marker horizons, a 
test of these regional models requires alternative markers, which can be derived from a thorough 
characterisation of the coals and interburden sediments of the Walloon Subgroup, but call for an in 
depth understanding of its depositional environment.  
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3! PETROLOGIC AND STABLE ISOTOPIC STUDY OF THE 
WALLOON COAL MEASURES, SURAT BASIN, 
QUEENSLAND: PEAT ACCUMULATION UNDER CHANGING 
CLIMATE AND BASE LEVEL 
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International Journal of Coal Geology, Vol.160-161. (2016), pp. 11-2 
 
Astrid Hentschel (PhD candidate) conducted lithotype logging, petrographic and organic stable 
carbon isotopic analysis, interpreted data, prepared figures and wrote manuscript. 
Joan Esterle (Principal PhD supervisor) reviewed, discussed and edited manuscript. 
Suzanne Golding (Associate PhD supervisor) reviewed, discussed and edited manuscript. 
David Pacey (BSc Hons) provided petrography and organic stable carbon isotope data for two of the 
study wells.  
 
This paper presents a thorough characterisation of the coals of the Walloon Subgroup through maceral 
analysis, fine-scale lithotype logging and organic carbon isotope analysis, which contributed to the 
interpretation of environments of peat formation including the implications for palaeoclimate and –
vegetation. It further highlights stratigraphic and lateral trends in the character of the coals. This study 
is designed to address research component 1 as outlined in the ‘research objectives, questions and 
methodology’ chapter.  
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Petrologic and stable isotopic study of the Walloon Subgroup, Surat Basin, 
Queensland: Peat accumulation under changing climate and base level 
 
A. Hentschel, J.S. Esterle, S.D. Golding, D.V. Pacey 
School of Earth and Environmental Sciences, University of Queensland, Brisbane, QLD, Australia 
 
 
3.1! Abstract 
The Late Jurassic Walloon Subgroup (recently dated as Oxfordian) is a productive, subbituminous 
coal seam gas (CSG) source in the Surat Basin, and can be subdivided from bottom to top into the 
Durabilla Formation, Taroom Coal Measures, the Tangalooma Sandstone and the Lower and Upper 
Juandah Coal Measures, which have different coal character. The lower Taroom coals are commonly 
thick, associated with sandstones and interpreted to form as base level is rising, creating sodden 
anoxic conditions for peat accumulation. The Tangalooma Sandstone to Lower Juandah Coal 
Measures contains fewer and thinner coals, and transitions upwards from a sandstone to siltstone 
dominated sequence responding to inundation with the development of floodplain lakes.  The strata 
then coarsen upward in both grain size and coal thickness in the Upper Juandah Coal Measures, which 
may be eroded by an overlying unit, the Springbok Sandstone. This unconformable surface is basin 
wide and depending on age, can be tied into global changes in climate and base level. 
Existing models for peat growth under changing base level and the variability of the conditions of 
peat formation through time, as well as throughout the basin, are tested. The environment of peat 
deposition and changes therein, are investigated through petrographic analysis of the coals of the 
Walloon Subgroup, coupled with high-resolution lithotype logging of core and organic stable carbon 
isotope analysis.  
Fine microlayering and abundance of root suberinite, telo- and detrovitrinite indicate precursory peat 
formation in a mostly herbaceous marsh to fen environment, in which bigger trees are either 
infrequent or absent, except for the lower seams of the Taroom Coal Measures and the upper seams 
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of the Lower Juandah Coal Measures, where bright bands are thicker (>=10mm) and more frequent. 
No extended periods of dehydration-oxidation (less than 1 vol. % mmf inertinite group macerals) are 
indicated until the deposition of the Upper Juandah Coal Measures that contain greater amounts (5 to 
15 vol. % mmf with rare 68 vol. %) of inertinite group macerals. Suberinite is interpreted to reflect 
dense root mats that are resistant to decay by microbial activity. They leave behind their suberinised 
exoderms, which originally helped wetland plants to protect themselves from deleterious solutes or 
in case of a change to drier conditions provided protection from desiccation. The most common 
inertinite maceral found in the Upper Juandah Coal Measures is inertodetrinite, associated with 
detrovitrinite. After bush or swamp fires, pieces of charcoal on dried out peat surfaces are easily 
blown away by the wind and accumulate with sediment in standing water. Fusinites and semifusinites 
are mainly associated with telovitrinites and are likely to be the result of desiccation and (fungal) 
mouldering in addition to fire.  
Stable carbon isotopes of coal show a distinct positive shift in the Lower Juandah Coal Measures that 
sets in well before the increased inertinite content in the Upper Juandah Coal Measures. The 
enrichment in 13C could be linked to a change in climate during the high stand depositional cycle, 
marking the onset of late stage falling, when base level begins to drop, later creating exposures and 
water stress.  A shift to a less humid climate in the Upper Juandah Coal Measures could have favoured 
the conditions for desiccation, mouldering and bush fires, which is reflected in the maceral 
composition of the coals. The Surat Basin δ13C isotope trend follows the global trend found in marine 
carbonate samples from the same age interval that corroborates increasing enrichment towards the 
top of the coal measures (approximately middle Oxfordian), followed by a shift to more negative 
compositions, which corresponds to the onset of the Springbok Sandstone deposition on an 
unconformable surface. 
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3.2! Introduction 
Over the last decade, interest of energy companies in the Walloon Subgroup of the Surat Basin as a 
CSG source has grown significantly. While the eastern limb of this basin is well studied, there is a 
gap in terms of the characterization of the coals in the western part of the basin and their environment 
of formation. Furthermore, coal stable carbon isotope analysis in order to reconstruct the conditions 
of peat accumulation has never been conducted on these Middle to Late Jurassic coals. This study 
investigates the stratigraphic and lateral variability in the maceral composition of the Jurassic 
Walloon Subgroup, and uses organic stable carbon isotopes and fine scale lithotype logging to test 
existing models of peat accumulation under changing climate and base level.  The Walloon coals are 
vitrinite-rich (62 to 91 vol. % mmf), with abundant liptinite and commonly high mineral matter 
content (Scott et al., 2007). On a maceral subgroup level, telovitrinite is the most common constituent. 
Among the liptinite group macerals, suberinite, as well as cutinite is common in these coals. While 
some authors consider the coals of the Walloon Subgroup to have formed in herbaceous and forest 
swamp environments without any periods of severe dehydration-oxidation (Khavari-Khorasani, 
1987; Salehy, 1986), there is evidence that the upper coal measures were subjected to desiccation and 
fires, indicated by a jump to higher inertinite content within the uppermost coals (Leblang et al., 1981; 
Scott et al., 2007). If this is caused by changing climatic conditions, the stable carbon isotope 
compositions of the coals should record this. 
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Figure 3-1: Thickness map of the coal measures of the Walloon Subgroup (top Juandah Coal 
Measures to base Taroom Coal Measures), showing subcrop of the unit and study well locations. 
Note the measures include non-coal interburden. 
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Figure 3-2: Surat Basin stratigraphy (after McKellar, 1998). Depositional age of the Walloon 
Subgroup adjusted based on Wainman et al. (2015). The depositional cycles (supersequences) in the 
Surat Basin were described in Hoffmann et al. (2009). The triangles represent base level sequences, 
with the direction of narrowing representing increasing base level. LST=low stand systems tract, 
TST=transgressive systems tract, HST=high stand systems tract, LSFC=late stage falling cycle.  
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3.3! Background 
3.3.1! Geological setting 
The subbituminous rank coal measures of the Walloon Subgroup, reach a maximum thickness of 
approximately 450 meters (from the top of the Juandah Coal Measures to the base of the Taroom 
Coal Measures) within the axis of the Surat Basin, the Mimosa Syncline (Cadman and Pain, 1998; 
Figure 3-1). The Surat Basin is a large intracratonic basin that extends over an area of approximately 
300 000 km2 in eastern Australia and partly overlies the Permian-Triassic Bowen and Gunnedah 
basins. It is part of the Great Artesian Basin complex (Exon, 1976; Martin et al., 2013).  
The variability in coal and interburden character allows the Walloon Subgroup to be subdivided (from 
top to bottom) into Juandah Coal Measures, the Tangalooma Sandstone (a relatively barren unit), the 
Taroom Coal Measures and the Durabilla Formation (Figure 3-2). The Tangalooma Sandstone, 
however, is of variable composition and difficult to trace throughout the basin. The Walloon 
Subgroup overlies a sandstone dominated unit, called the Hutton Sandstone, which fines upward into 
the Durabilla Formation and is capped by the coals of the Walloon Subgroup. This defines a 
depositional cycle within the Surat Basin, referred to as the “K-supersequence” (Hoffmann et al., 
2009; Figure 3-2).  
The major coal-bearing measures, the Juandah and the Taroom Coal Measures, can be subdivided 
into nine coal seam groups. These are difficult to correlate regionally across the basin (Martin et al., 
2013; Scott, 2007) and so are not used in this study. The Walloon Subgroup is overlain by an erosively 
based unit called the Springbok Sandstone. The unconformable base is thought to represent a major, 
global event, as well as a shift from the transgressive to high stand systems of the Walloon Subgroup 
to a low stand systems tract (Hoffmann et al., 2009; McKellar, 1998; Figure 3-2).  It is probable that 
the inertinite rich seams of the Upper Juandah represent a late stage falling cycle that precedes the 
low stand erosion. 
The age of the Springbok Unconformity was thought to mark the onset of the Oxfordian, as the 
Walloon Subgroup was considered to be Bathonian to Callovian in age based on palynological 
analysis (Exon and Burger, 1981; Jell, 2013; Martin et al., 2013; McKellar, 1998; Price, 1997; Wells 
and O’Brien, 1994). However, a recent study by Wainman et al. (2015) disputes these dates and 
proposes that the Walloon Subgroup was deposited in the Oxfordian (158-162Ma), which could have 
implications for interpretations of global climate cycles. 
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Meandering streams of varying width resulted in variable coal thickness and coal splitting throughout 
the Surat Basin (Draper and Boreham, 2006; Fielding, 1993; Hoffman et al., 2009). The actual size 
and shape of the coal deposits and intervening channel systems are currently the subject of study (e.g. 
Shields & Esterle, 2015). Individual seams can vary from 30 cm to 2 m or more in thickness (Esterle 
et al., 2013) and are laterally constrained from 500-3000 m with complex splitting patterns (Ryan et 
al., 2012). Recent work by OGIA (2014, 2016) demonstrated stratigraphic variability in the thickness 
distribution of seams. Thicker seams associated with variable sandstone body thickness are common 
in the Taroom Coal Measures. Up section, coal seams thin overall into the Tangalooma and slightly 
thicken in the Lower Juandah Coal Measures, associated with increased heterolithics. This trend then 
inverts into thicker coals, again associated with thicker sandstone bodies in the Upper Juandah Coal 
Measures, where the overlying Springbok Sandstone did not incise them. Regionally, the proportion 
of thick coal and thick sandstones declines into the centre of the basin, but data are too sparse to 
confirm a facies-shift to a more distal or lacustrine setting.  
Rising base level, caused either by basin subsidence or eustacy, resulted in water logged conditions 
for peat accumulation in the Taroom Coal Measures, with thick coal seams at the bottom of the 
formation, overlain by stacked channel sandstones (Shields & Esterle, 2015). A continued rise in base 
level is thought to have resulted in conditions that were too deep for significant peat accumulation, 
resulting in a relatively barren zone, the Tangalooma Sandstone that is more prominent in the north 
of the basin and tends to shale out southward and into the basin (Shields & Esterle, 2015). Above 
this, the thin beds of the Lower Juandah Coal Measures are considered to mark the relative maximum 
flooding surface (Shields & Esterle, 2015).  Earlier petrographic studies on Walloon coals suggest 
that the Lower Juandah coal seams have formed under high water table conditions (Ryan et al., 2012), 
recording the highest rate of creation of accommodation space during the K-supersequence, whereas 
the Upper Juandah coals, where not eroded by the Springbok Sandstone, have an increased oxidized 
material content (Hentschel, 2013; Pacey, 2011; Scott et al., 2007). This suggests an upwards-drying 
trend within the Upper Juandah Coal Measures and is consistent with the concept of a reversal in base 
level rise and accommodation space, assigning the Upper Juandah Coal Measures to the high-stand 
system tract (HST) of the K-supersequence, but more likely representing the Late Stage Falling Cycle 
(LSFC). The Springbok Sandstone, which significantly incised the Upper Juandah Coal Measures in 
places, marks the beginning of the LST of the following L-Sequence (Hoffmann et al., 2009).  
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3.3.2! Palaeoclimate, isotopes and palaeoflora 
Globally, the Jurassic time period was warmer than present and sea levels were higher as evidenced 
by the abundance of Jurassic age marine and lacustrine source rocks (Klemme and Ulmishek, 1991), 
and isotopic evidence in marine shells (Brigaud et al., 2008; Martin-Garin et al., 2010). This is 
explained by the interpretation of relatively high atmospheric CO2 (Sellwood and Valdes, 2008), 
which should be observable in the character of the coals, regardless of their palaeolatitude. Wainman 
et al. (2015) recently dated the Walloon Subgroup as Oxfordian, which makes them more correlative 
with the middle Oxfordian establishment of a circumglobal ocean passage at low latitudes that 
contributed to warming at higher latitudes. This could be a reason why the Surat Basin coals were 
able to form in these higher latitudes, similar to peatlands in New Zealand and surrounding islands. 
However, increased organic carbon production and burial caused an intermittent decrease of pCO2, 
and resulted in a positive shift in stable carbon isotopes.  
Several studies have shown that carbon isotope ratios in higher-plant organic matter (δ13Cplant) can be 
related to the carbon isotope composition of the ocean-atmosphere carbon reservoir especially the 
isotopic composition and abundance of CO2 (Gröcke, 2002). In the case of increased atmospheric 
CO2 concentration during the Oxfordian, this could have led to increased organic carbon production 
and burial and as a result to an intermittent decrease in CO2. If this is a global occurrence, it could be 
reflected in a positive δ13C excursion in the organic matter preserved in the coals of the Walloon 
Subgroup during the Oxfordian. On the other hand, environmental factors such as decreased water 
availability, higher nutrient availability and temperature will also result in more positive δ13Cplant 
values (Gröcke, 2002). 
Carbon isotope ratios in coal show a limited variability of only 5‰ between δ13C -22‰ and -27‰ 
and therefore are similar to the carbon isotopic composition of precursor plant material, despite 
extensive diagenetic alteration (Boutton, 1991).  Researchers suggest that more negative plant carbon 
isotope values can coincide with increased atmospheric pCO2, and positive excursions coincide with 
reduced pCO2, depending on the processes driving the change in carbon isotopic composition (e.g., 
Hesselbo et al. 2002). However, a study by Arens et al. (2000) suggested that about 90% of the 
variation in the δ13C values of C3 plants can be linked to changes in the carbon isotope composition 
of atmospheric CO2 (δ13C-CO2), rather than the level of CO2. This finding is controversial but does 
suggest that δ13Cplant time-series can potentially allow correlation not only between successions of 
marine carbonates and shallow-water clastics but also fluvial or lacustrine successions containing 
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fossil wood. This, however, can only be achieved over time-intervals where substantial and diagnostic 
variations in the marine carbon isotope curve are recorded. 
Whiticar (1996) showed the presence of a shift in carbon stable isotopic composition between 
different maceral groups in Ruhr Valley coals from Germany, with δ13C of inertinite > vitrinite > 
liptinite. Fusinitization of modern plant matter also results in the local enrichment of ¹³C as light 
carbon (¹²C) is preferentially released to form gases such as ¹²CO₂ (Gröcke, 2002; Newton and 
Bottrell, 2001). Other factors such as water stress have also been shown to influence the δ¹³C values, 
with reduced water availability and increased salinity and water-use efficiency resulting in more 
positive δ¹³C values (Birgenheier et al., 2010; Gröcke, 2002). Teichmüller and Teichmüller (1979) 
proposed that coalification also leads to minor 13C- enrichment, so these factors must be taken into 
account when interpreting the isotopic signature of coals. 
The Walloon Subgroup preserves indicators for a rich understorey consisting of dicksonicean, 
osmundacean and dipteridacean ferns, liverworts, lycophytes (clubmosses), equisetaleans 
(horsetails), the pentoxylacean taeniopteris and bennettitaleans (Kear and Hamilton-Bruce, 2011; 
Rees et al., 2000; Sellwood and Valdes, 2008). The main canopy elements were araucarian and 
podocarp conifers. Growth rings in trees suggest seasonality (Kear and Hamilton-Bruce, 2011). 
Species of ptilophyllum and otozamites have relatively smaller leaves and small-leaved conifers are 
relatively broad and flat (Gould, 1980; Jansson et al., 2008; McLoughlin and Pott, 2009). The woody 
component of the Walloon coal-forming flora consisted of gymnosperms, which are relatively 
resistant to decay (Crosdale, 1993; Shearer and Moore, 1993), whereas the more degraded matrix 
should show a combination of the understory plants, with varying degrees of degradation following 
the water table fluctuations and changes in climate.  The influence of these communities and their 
successions should be reflected in the character of the coals. 
This study investigates the stable carbon isotopic composition of the Jurassic coals of the Walloon 
Subgroup, which preserve organic matter derived exclusively from C3 plants.  
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3.4! Materials and methods 
A combined petrographic and stable carbon isotopic approach was used to investigate changes in 
palaeoenvironmental conditions in the coals of the Walloon Subgroup. Geophysical logs were used 
to correlate different stratigraphic units in the wells. An overview of analyses conducted and the 
source of data used in this study are presented in Table 3-1. 
Table 3-1: Analyses conducted (1open-file data, 2Pacey (2011), 3Hentschel (2013), 4this study). 
Well Maceral analysis 
Reflectance 
analysis 
Stable carbon 
isotope analysis 
Fine-scale 
logging 
Southleigh 1 500 counts,  
27 block samples3 
50 counts, 
10 block samples3 
17 samples, measured 
in duplicate3 
mm scale3 
WW107 500 counts, 
19 grain mounts4 
50 counts,  
12 grain mounts4 
20 samples, measured 
in duplicate4 
- 
Portsmouth 1 500 counts, 
53 grain mounts1 
50 counts,  
9 grain mounts1 
- - 
Pinelands 4 500 counts, 
42 grain mounts1 
50 counts,  
10 grain mounts1 
38 samples, measured 
in duplicate2 
mm scale2 
Jordan 3 500 counts,  
41 grain mounts1 
50 counts,  
11 grain mounts1 
40 samples, measured 
in duplicate2 
mm scale2 
Stratheden 4 500 counts,  
33 grain mounts1 
100 counts,  
10 grain mounts1 
- - 
Jen 1 500 counts,  
49 grain mounts1 
100 counts,  
11 grain mounts1 
- - 
 
3.4.1! Petrographic analysis 
For seven study wells in the western, northern and eastern Surat Basin (Figure 3-1), oil immersion 
reflectance microscopy was conducted on a suite of handpicked block samples and grain mounts 
(particle top size 1mm) following AS2856-2 (1998). The block samples were selected from core after 
lithotype logging to observe the macerals in context with their phyterals. The grain mounts 
represented composites of seam intervals. Together these different types of samples were used to 
examine stratigraphic variation in maceral composition. A number of 500 points was counted for 
every sample.  
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3.4.2! Coal lithotype analysis 
A vertical lithotype profile reflects the depositional conditions of the coal seam and provides 
information about coal composition. For the purpose of this study, the following four categories were 
used, according to the macroscopically recognizable components of the coals (modified after early 
work by Stopes, 1919 and Australian Standard 2519-1993):  
1.) bright: includes the lithotypes vitrain (pure vitrain, shiny, brittle) + clarain (semi bright);  
2.) dull: durain (matte, blocky, non-banded);  
3.) fusain (dull, powdery, fibrous, silky lustre); and  
4.) carbonaceous mudstone (mudstone rich in organic matter, brownish grey to brownish black).  
In this study, the thickness of the endmember lithotypes was used as a proxy for precursor plant 
material and degree of preservation in response to the water table. This study used a 1 mm minimum 
band thickness to capture the thickness distribution of the bright bands as a proxy for woody plant 
size, to assist in interpretation of arborescent or herbaceous vegetation.  Core logging had two 
operators: Hentschel (2013) for Southleigh 1 on the western side of the basin and Pacey (2011) for 
wells Pinelands 4 and Jordan 3 in the east of the Surat Basin (Figure 3-1). 
 
3.4.3! Stable carbon isotopes of coal 
Coal stable carbon isotope analysis was undertaken at the University of Queensland Stable Isotope 
Geochemistry Laboratory. Representative samples from one well from the western limb (Hentschel, 
2013), one well from the northern limb and two wells from the eastern limb of the Surat Basin (Pacey, 
2011) were analysed at the same laboratory facility, following the same procedure). An Isoprime CF-
IRMS coupled to an Elementar EA was used for the determination of δ¹³C in the coal samples. 
Samples were measured in duplicate, with any duplicates differing by more than 0.3 per mil being 
repeated. The system was calibrated using international standards USGS24 and NAT76H, with all 
results being normalised via a two-point regression (Paul et al., 2007). All carbon isotope data are 
reported against the Vienna Pee Dee Belemnite (VPDB) standard in per mil with a precision of ± 0.1 
‰ at one standard deviation. 
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3.5! Results 
3.5.1! Petrography 
The maceral group composition of 264 samples is shown per well by depth in Figure 3-3 and in Table 
3-2 as an average by stratigraphic unit. Some photomicrographs are provided in Figure 3-4 a-f. 
Vitrinite reflectance ranges from 0.40 % to 0.51 %, showing only a slight increase with depth between 
the coal measures. Results are dominated by macerals of the vitrinite group (62 vol. % mmf ± 12 in 
average across all samples). Telovitrinite (38 vol. % mmf ± 16) and detrovitrinite (18 vol. % mmf ± 
13) are the main sub-maceral groups, indicating mixed woody and herbaceous vegetation and 
different levels of decomposition. The liptinite maceral group varies from 0 to 82 vol. % mmf and is 
mainly represented by root suberinite (27 vol. % mmf ± 10; Figure 3-4 d). High suberinite contents 
can be observed especially in coal samples from the Upper Taroom Coal Measures and the Lower 
Juandah Coal Measures, with slightly decreased suberinite contents in the Upper Juandah Coal 
Measures and coals of the Springbok Sandstone. Similar results were observed by Scott et al. (2007).  
The average inertinite content throughout all Walloon and Springbok coal samples is 3 vol. % ± 8. 
Inertinite macerals appear only in trace amounts within the Taroom and Lower Juandah Coal 
Measures, but are abundant in coals of the Upper Juandah Coal Measures (8 vol. % mmf ± 11, with 
rare samples 68 vol. % mmf) and the Springbok Sandstone (29 vol. % mmf ± 22), although the latter 
is poorly sampled. 
The samples analysed in this study have high mineral matter contents, with an average of 34 vol. % 
± 25 throughout all samples. By definition, 48.5% of all samples tested in this study have to be 
classified as shaly coals or carbonaceous shales due to mineral matter contents >30 vol. % and >60 
vol. % (Diessel, 1965). Increased mineral matter contents are not associated with any of the maceral 
groups and suggest that plants grew in and out of changing base levels and clastic influx. 
Maceral ratios were investigated to calculate palaeoenvironment indices, such as the tissue 
preservation index and gelification index (after Diessel, 1986) and the vegetation index and 
groundwater influence index (after Calder, 1991). Resulting interpretations of palaeoenvironments 
using these indices were conflicting, commonly driven by the ash yield or by the occurrence of the 
inertinite group macerals.  Therefore, the basic maceral data, in combination with observations of 
vitrain band thickness and frequency, and ash yields, were used to interpret palaeoenvironments. 
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Figure 3-3: Maceral composition (vol. % mmf) and vitrinite reflectance (%) for all study wells. X represents vitrinite content, liptinite content indicated 
by circles, inertinite content represented by triangles, VR indicates, where vitrinite reflectance measurement was conducted. Solid lines represent 
boundaries between subunits. n is the number of samples used for reflectance analysis. 
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Table 3-2: Maceral composition per stratigraphic unit per well (vol. %, ± standard deviation) and number of samples analysed (n). TC=Telocollinite, 
DC=Desmocollinite, CG=Corpogelinite, Sp=Sporinite, C=Cutinite, R=Resinite, LD=Liptodetrinite, Suberinite=Sb, Fl=Fluorinite, ED=Exsudatinite, 
Fs=Fusinite, Sf=Semifusinite, ID=Inertodetrinite, Fn=Funginite, Mm=Mineral matter. 
  Vitrinite Liptinite Inertinite Mineral Matter n 
Well Unit TC DC CG Sp C R LD Sb Fl ED Fs Sf ID Fn Mm n 
Southleigh 1 
Springbok Sst 
37.7 11.7 0.7 4.0 3.7 0.0 0.0 18.3 0.0 0.0 4.0 8.7 3.0 0.0 8.3 3 
±15.3 ±7.1 ±1.2 ±3.0 ±4.0 ±0.0 ±0.0 ±10.2 ±0.0 ±0.0 ±6.1 ±8.1 ±2.6 ±0.0 ±5.9  
U. Juandah CM 
37.3 15.5 1.3 6.3 2.5 0.3 ±0.0 21.0 0.0 0.0 7.0 4.3 3.0 0.0 1.8 4 
±8.5 ±9.4 ±1.3 ±2.1 ±2.4 ±0.5 ±0.0 ±7.5 ±0.0 ±0.0 ±4.8 ±2.9 ±1.4 ±0.0 ±2.1  
L. Juandah CM 
40.1 7.3 3.2 8.7 4.4 0.3 0.0 32.7 0.0 0.0 0.0 0.4 0.1 0.0 2.8 10 
±12.7 ±1.7 ±2.1 ±3.2 ±1.6 ±0.5 ±0.0 ±15.9 ±0.0 ±0.0 ±0.0 ±0.7 ±0.3 ±0.0 ±4.8  
Tangalooma Sst 
40.0 14.0 5.0 7.7 4.3 0.3 0.0 23.0 0.0 0.0 0.0 0.0 0.3 0.0 5.3 3 
±6.9 ±10.6 ±4.6 ±3.5 ±0.6 ±0.6 ±0.0 ±14.7 ±0.0 ±0.0 ±0.0 ±0.0 ±0.6 ±0.0 ±7.6  
Taroom CM 
39.9 7.4 2.3 6.6 3.6 0.3 0.0 24.1 0.0 0.0 0.0 0.1 0.1 0.0 15.6 7 
±21.6 ±2.4 ±2.3 ±3.0 ±2.9 ±0.5 ±0.0 ±15.6 ±0.0 ±0.0 ±0.0 ±0.4 ±0.4 ±0.0 ±28.8  
WW107 
Springbok Sst 
3.5 8.5 1.5 2.0 0.5 0.5 1.0 17.5 0.0 0.5 9.0 8.0 9.5 0.0 38.0 2 
±0.7 ±7.8 ±0.7 ±2.8 ±0.7 ±0.7 ±1.4 ±12.0 ±0.0 ±0.7 ±2.8 ±2.8 ±0. 7 ±0.0 ±25.5  
U. Juandah CM 
8.8 28.7 1.4 3.3 1.0 0.5 1.5 20.4 0.0 0.0 0.6 1.3 2.1 0.0 30.5 11 
±6.0 ±8.7 ±0.5 ±1.2 ±0.8 ±0.5 ±0.8 ±7.9 ±0.0 ±0.0 ±1.5 ±1.5 ±1.8 ±0.0 ±12.5  
L. Juandah CM 
7.8 38.6 1.8 3.8 1.4 0.4 1.4 22.2 0.0 0.0 0.0 0.0 0.0 0.0 22.6 5 
±3.3 ±8.3 ±0.8 ±1.3 ±0.9 ±0.5 ±0.5 ±10.2 ±0.0 ±0.0 ±0.0 ±0.0 ±0.0 ±0.0 ±11.1  
Portsmouth 1 
U. Juandah CM 
42.8 6.9 8.5 1.6 1.2 1.1 0.0 14.5 0.0 0.0 1.2 3.5 0.7 0.0 18.3 4 
±6.2 ±1.2 ±1.2 ±0.6 ±0.8 ±0.4 ±0.0 ±5.2 ±0.0 ±0.0 ±1.1 ±2.2 ±0.3 ±0.0 ±11.5  
L. Juandah CM 34.2 5.1 7.5 2.5 1.2 0.5 0.0 17.3 0.0 0.0 0.0 0.3 0.1 0.0 31.3 15 
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±14.9 ±2.8 ±3.9 ±1.2 ±1.0 ±0.3 ±0.0 ±7.3 ±0.0 ±0.0 ±0.1 ±0.4 ±0.1 ±0.0 ±28.5  
Tangalooma Sst 
35.2 6.7 7.6 2.2 1.8 0.4 0.0 25.3 0.0 0.0 0.1 0.5 0.1 0.0 20.3 4 
±7.3 ±4.1 ±2.8 ±0.8 ±1.0 ±0.5 ±0.0 ±6.1 ±0.0 ±0.0 ±0.1 ±0.3 ±0.1 ±0.0 ±20.4  
Taroom CM 
38.2 9.4 8.2 2.8 1.0 0.2 0.0 22.0 0.0 0.0 0.1 0.3 0.1 0.0 17.8 23 
±9.2 ±3.6 ±3.2 ±1.4 ±0.5 ±0.3 ±0.0 ±5.2 ±0.0 ±0.0 ±0.2 ±0.3 ±0.2 ±0.0 ±15.3  
Pinelands 4 
U. Juandah CM 
35.5 6.7 4.9 0.3 2.8 0.1 0.0 13.9 0.0 0.0 2.4 3.1 1.0 0.1 29.2 16 
±16.3 ±3.7 ±3.9 ±0.3 ±1.3 ±0.1 ±0.0 ±7.8 ±0.0 ±0.0 ±2.9 ±3.5 ±1.2 ±0.2 ±24.3  
L. Juandah CM 
36.1 6.5 5.2 0.3 4.2 0.1 0.0 12.6 0.0 0.0 0.0 0.0 0.0 0.1 35.1 11 
±11.4 ±2.9 ±2.9 ±0.2 ±1.5 ±0.1 ±0.0 ±4.1 ±0.0 ±0.0 ±0.0 ±0.1 ±0.0 ±0.1 ±19.7  
Taroom CM 
37.1 9.0 6.4 0.4 3.0 0.1 0.0 16.8 0.0 0.0 0.1 0.1 0.1 0.1 27.0 11 
±15.2 ±3.3 ±2.3 ±0.4 ±1.4 ±0.1 ±0.0 ±4.2 ±0.0 ±0.0 ±0.2 ±0.3 ±0.1 ±0.1 ±18.5  
Jordan 3 
U. Juandah CM 
19.4 3.8 4.9 0.4 2.1 0.1 0.0 14.4 0.0 0.0 0.5 0.6 0.4 0.0 53.5 17 
±9.9 ±1.8 ±2.9 ±0.3 ±1.6 ±0.2 ±0.0 ±8.9 ±0.0 ±0.0 ±0.9 ±1.5 ±0.7 ±0.0 ±20.0  
L. Juandah CM 
28.0 7.0 4.8 0.6 3.8 0.4 0.0 19.4 0.0 0.0 0.0 0.1 0.2 0.1 35.6 12 
±11.1 ±3.3 ±2.2 ±0.4 ±1.6 ±0.3 ±0.0 ±8.6 ±0.0 ±0.0 ±0.1 ±0.2 ±0.2 ±0.2 ±22.6  
Tangalooma SS 
52.0 9.5 7.5 1.0 4.6 0.4 0.0 17.5 0.0 0.0 0.0 0.0 0.2 0.0 7.3 1 
±0.0 ±0.0 ±0.0 ±0.0 ±0.0 ±0.0 ±0.0 ±0.0 ±0.0 ±0.0 ±0.0 ±0.0 ±0.0 ±0.0 ±0.0  
Taroom CM 
31.1 8.5 5.2 0.6 4.0 0.1 0.0 20.5 0.0 0.0 0.2 0.2 0.0 0.0 29.6 13 
±11.5 ±3.8 ±2.6 ±0.6 ±1.5 ±0.2 ±0.0 ±8.0 ±0.0 ±0.0 ±0.2 ±0.3 ±0.1 ±0.0 ±22.2  
Stratheden 4 
U. Juandah CM 
18.4 15.8 3.2 2.5 0.2 0.4 0.0 14.6 0.0 0.0 1.0 2.7 1.3 0.0 39.9 14 
±9.6 ±6.9 ±1.4 ±1.5 ±0.2 ±0.3 ±0.0 ±4.1 ±0.0 ±0.0 ±0.7 ±2.3 ±1.2 ±0.0 ±15.3  
L. Juandah CM 
23.4 11.7 3.4 2.8 0.3 0.9 0.0 18.5 0.0 0.0 0.0 0.0 0.1 0.0 39.1 4 
±11.9 ±5.1 ±1.0 ±0.5 ±0.3 ±0.6 ±0.0 ±4.2 ±0.0 ±0.0 ±0.0 ±0.0 ±0.1 ±0.0 ±19.6  
Taroom CM 
17.8 18.2 2.1 2.5 0.6 0.5 0.0 22.1 0.5 0.0 0.1 0.0 0.1 0.0 36.0 14 
±5.2 ±6.4 ±1.2 ±1.5 ±0.3 ±0.4 ±0.0 ±8.6 ±1.9 ±0.0 ±0.2 ±0.1 ±0.2 ±0.0 ±17.6  
Jen 1 U. Juandah CM 16.2 19.7 2.4 5.8 0.1 1.5 0.0 9.1 0.0 0.0 1.2 1.7 1.2 0.0 41.2 10 
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±12.8 ±6.6 ±0.7 ±2.4 ±0.1 ±0.9 ±0.0 ±3.7 ±0.0 ±0.0 ±1.1 ±1.5 ±1.2 ±0.0 ±18.3  
L. Juandah CM 
11.8 14.6 2.6 3.0 0.3 1.0 0.0 12.2 0.0 0.0 0.0 0.1 0.1 0.0 54.3 13 
±5.6 ±6.2 ±2.3 ±1.6 ±0.3 ±0.7 ±0.0 ±6.4 ±0.0 ±0.0 ±0.1 ±0.2 ±0.1 ±0.0 ±17.0  
Tangalooma SS 
30.0 27.7 2.9 5.0 0.6 0.4 0.0 8.7 0.0 0.0 0.0 0.0 0.4 0.0 24.3 1 
±0.0 ±0.0 ±0.0 ±0.0 ±0.0 ±0.0 ±0.0 ±0.0 ±0.0 ±0.0 ±0.0 ±0.0 ±0.0 ±0.0 ±0.0  
Taroom CM 
10.7 16.2 4.6 2.4 0.6 1.6 0.0 17.3 0.0 0.0 0.0 0.2 0.2 0.0 46.4 20 
±5.4 ±4.7 ±2.7 ±1.1 ±0.5 ±0.8 ±0.0 ±6.5 ±0.0 ±0.0 ±0.0 ±0.5 ±0.2 ±0.0 ±16.2  
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Figure 3-4 a-f: Oil immersion microscopy (magnification 50 x), block samples from the Upper 
Juandah Coal Measures, Southleigh 1 (F=fusinite, Sf=semifusinite, Id=inertodetrinite, 
Sub=suberinite, Tv=telovitrinite, Cut=cutinite, Sp=sporinite). Photomicrograph 4e shows a thick 
vitrain band within an unetched petrographic block; 4f shows same vitrain band within etched block, 
revealing phyteral structure. 
 
3.5.2! Fine-scale lithotype logging 
The thickness frequency of lithotypes for Southleigh 1 is presented in Figure 3-5. The vertical 
thickness distribution of lithotypes for Southleigh 1 at a stratigraphic level is shown in Figure 3-6 and 
lithotype trends on a single seam basis together with the as-logged lithotype composition by volume 
per seam is illustrated in Figure 3-7. 
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Across all seams for Southleigh 1, bright bands are most frequently thin (1 mm; frequency n=155 and 
49.4 %; Figure 3-5). Thicker bright bands do occur, but are less frequent. With increasing bright band 
thickness, the number of counts decreases. Dull bands are most commonly thick, with a mode 
between 9-16 mm (frequency n=112 and 26.7 %; Figure 3-5). Petrographically these dull bands are 
also high in detrovitrinite but have abundant liptinite group macerals, with suberinite being the most 
common.  Therefore, dullness is a function of containing finer grained matrix material that can be 
low or high in mineral matter content. The subbituminous rank of the coal makes it difficult often to 
differentiate. Fusain lenses (proportion of 3.3 % ± 3.3 across all coal intervals logged for Southleigh 
1), where they occur, are most frequently thin, around 1mm (frequency n=64 and 64.6 %; Figure 3-
5). The proportion of dull coal is consistently high, with an average of 73.8 % ± 18.9 across all coal 
intervals logged for Southleigh 1. The proportion of bright bands was determined to be 22.9 % ± 19.2 
across all coal intervals of Southleigh 1, and these are mostly thin. 
 
Figure 3-5: Thickness (mm scale) frequency of lithotypes across all seams for Southleigh 1. 
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Vertical trends in the distribution of the lithotypes can be observed at the seam level, and stratigraphic 
level. On a stratigraphic level, an increase in the proportion of bright bands upward from the 
lowermost and thickest seam group (Figure 3-6) within the Taroom seams can be noticed. Thereafter, 
the thinner seams in the upper Taroom Coal Measures and Tangalooma Sandstone are relatively dull 
and vitrain bands are thin. In the Lower Juandah Coal Measures there is another brightening upward 
trend that again abruptly shifts back to predominantly dull coals. The brightening upward sequence 
within the coals of the Lower Taroom Coal Measures is accompanied by a mix of thick to thin bright 
bands, whereas the dull seams of the Upper Taroom Coal Measures and the Tangalooma Sandstone 
have fewer and thinner bands (Figure 3-6). The Lower Juandah brightening upward sequence is 
accompanied by a trend of increasing thickness of bright bands, which appear to become less frequent 
but remain thick. Under the microscope, these thick bands were commonly conifer wood with their 
characteristic bordered pits (Figure 3-4 e). 
 
Figure 3-6: Vertical thickness (mm) distribution of bright, dull, fusain and carbonaceous mudstone 
bands. Suberinite and inertinite content are shown in vol. % and stable isotopic composition δ13C in 
‰ VPDB. 
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The dull coals are commonly higher in mineral matter, except in the Upper Juandah Coal Measures 
and Springbok Sandstone, where their fine-grained matrix also contains inertinite group macerals. 
This is reflected in a higher frequency of fusain bands in the Upper Juandah Coal Measures (5 % ± 
1.3 across the logged coal intervals) and within the coals of the Springbok Sandstone (10.1 %; Figure 
3-5). Under the microscope, the thin to thick bright bands within the lower Taroom and Lower 
Juandah coals commonly contained abundant suberinite, which could be interpreted as dense root 
mats in a waterlogged peat that help to establish a more stable environment for peat preservation 
(Figure 3-6). The very thick telovitrinite bands were also most commonly gymnosperm wood. 
On a seam level, the three lower seams of the Taroom Coal Measures are predominantly bright 
(Figure 3-7). They are dominated by vitrinite group macerals, but also contain abundant suberinite. 
The mineral matter content is very low (0-4 vol. %). The abundance of thicker bright bands indicates 
a stable environment and shrubbier or arborescent vegetation, before the mire drowns again and 
accommodation exceeds the rate of peat accumulation.  
The upper seams of the Taroom Coal Measures and the Tangalooma Sandstone are dull (Figure 3-7), 
have high mineral matter contents and abundant root suberinite. No significant dulling-upward or 
brightening-upward trends can be noticed, however the proportion and thickness of bright bands is 
relatively low compared to the lower seams of the Taroom Coal Measures. This indicates constantly 
high water tables during the formation of the upper Taroom and Tangalooma coal seams, where 
clastic material is transported into the mire and vegetation is predominantly shrubby or herbaceous.  
Towards the upper seams of the Lower Juandah Coal Measures, the proportion and thickness of bright 
bands increases again, vitrinite and root suberinite are abundant and some brightening-upward trends 
can be noticed. The uppermost seams of the Lower Juandah Coal Measures, however, are overall dull 
or dull banded and have abundant suberinite as well as mineral matter (Figure 3-7).  
Seams of the Upper Juandah Coal Measures show both, dulling- and brightening-upward. They are 
mostly dull, however, are dominated by vitrinite group macerals. They differ from the underlying 
seams as they have increased inertinite contents and numerous fine fusain lenses, pointing towards 
exposure of the mire surface and more oxidizing conditions (Figure 3-7). 
The Springbok Sandstone seam shows a dulling-upwards trend, but a relatively high proportion of 
thick bright bands within the lower part. This indicates a relatively stable environment before the 
system drowns.  Similar to the seams of the Upper Juandah Coal Measures, high inertinite contents 
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and numerous fusain bands were observed (Figure 3-7). Nevertheless, a significant negative shift in 
stable isotopic composition occurs across the Springbok Unconformity (Figure 3-6).  
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Figure 3-7: Gamma- and density log, vertical lithotype profile per logged interval, as well as lithotype 
composition per interval (%) for Southleigh 1. Triangles represent brightening-upwards (direction 
of narrowing upwards) and dulling-upwards (direction of narrowing downwards). Blocks indicate 
that no significant lithotype trend was detected. Red numbers indicate where petrography samples 
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were taken. Tables present maceral composition in vol. %. V=vitrinite, L=liptinite, I=Inertinite and 
MM=mineral matter.  
 
3.5.3! Stable carbon isotope analysis of coal 
Stable carbon isotope analysis was conducted on 115 samples from four different study wells (wells 
Southleigh 1 and WW107; data for Pinelands 4 and Jordan 3 from Pacey, 2011) and is shown in Table 
3-3, as well as in Figure 3-8. δ13C values range between -25.2 and -20.9 ‰ for all study wells, with 
an average of -23.4 ‰ for the Walloon and Springbok coal samples, which falls within the typical 
range for coal stable carbon isotopes (Whiticar, 1996).  
Samples from the Taroom (-24.2 ‰ ± 0.46) and the Lower Juandah Coal Measures (-23.5 ‰ ± 0.75) 
are relatively depleted in 13C. From the Lower Juandah Coal Measures to the Upper Juandah Coal 
Measures a significant shift to less negative δ13C values occurs (-22.3 ‰ ± 0.87). The stable carbon 
isotopic composition varies independently of maceral composition, indicated by a return to more 
negative values for coal samples from the Springbok Sandstone (-24.5 ‰ ± 0.59) despite the increased 
inertinite content within samples of this unit (Figure 3-8).  
Table 3-3: Stable isotopic composition with depth and stratigraphic unit for wells Southleigh 1, 
WW107, Pinelands 4 and Jordan 3 (δ13C in ‰ VPDB). 
 Study wells 
 
Southleigh 1 WW107 Pinelands 4 Jordan 3 
Formation/subunits Depth δ13C ‰ Depth δ13C ‰ Depth δ13C ‰ Depth δ13C ‰ 
Springbok Sandstone 
602.80 -25.2 147.70 -24.1     
  148.70 -24.2     
Upper Juandah Coal 
Measures 
  167.00 -22.8     
  167.80 -22.4 307.20 -24.1 336.93 -23.8 
  181.30 -22.0 311.60 -24.2 337.55 -22.5 
  183.20 -22.6 330.30 -22.3 348.14 -22.5 
  183.90 -22.5 333.00 -22.5 349.09 -22.7 
  184.90 -22.8 334.40 -22.8 370.66 -22.0 
  186.90 -22.3 358.30 -22.6 371.79 -21.9 
  190.00 -22.0 359.10 -22.4 372.58 -21.9 
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662.70 -21.7 190.50 -21.8 360.70 -21.7 373.38 -21.5 
661.60 -22.0 263.90 -22.0 361.40 -21.4 374.14 -21.1 
  269.70 -20.9 361.79 -23.8 379.90 -22.7 
  272.00 -21.0 362.43 -22.5 394.73 -21.1 
  
283.20 -21.4 363.06 -24.6 403.66 -23.4 
286.60 -23.2 363.88 -21.6 407.54 -24.0 
  288.20 -23.3 364.60 -21.2 413.46 -22.9 
  290.60 -22.5 365.15 -21.3 416.35 -22.7 
  293.80 -22.5 366.02 -21.8   
  319.60 -22.9     
Lower Juandah Coal 
Measures 
    432.82 -23.2 438.69 -23.9 
    466.51 -22.1 455.93 -25.0 
708.40 -23.4   466.84 -23.2 476.07 -24.3 
712.10 -22.5   502.23 -23.9 477.50 -24.9 
712.70 -23.0   503.04 -24.1 481.00 -24.8 
731.80 -24.0   504.07 -24.8 482.81 -24.8 
743.00 -24.4   511.35 -23.3 484.02 -24.8 
744.50 -24.4   511.75 -24.0 484.44 -23.7 
    518.82 -24.5 485.10 -24.5 
    522.48 -23.9 492.72 -24.5 
    524.65 -24.2 493.06 -24.6 
Tangalooma Sandstone 
759.30 -25.2       
760.60 -24.4     514.82 -25.1 
795.60 -24.2       
Taroom Coal Measures 
      548.92 -24.2 
    614.16 -23.6 549.91 -25.1 
    617.49 -24.0 553.17 -24.2 
    650.61 -24.1 554.97 -23.8 
822.40 -25.0   653.37 -24.6 556.86 -24.3 
843.50 -25.2   656.58 -24.3 591.73 -24.4 
863.10 -24.6   657.38 -24.0 593.02 -24.2 
867.80 -24.4   664.60 -24.6 603.68 -24.6 
887.30 -23.5   675.96 -23.9 619.68 -24.0 
    677.48 -23.5 625.88 -24.5 
    680.03 -24.4 628.81 -24.1 
    691.82 -23.6 632.85 -23.7 
      633.30 -23.6 
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Figure 3-8: Maceral composition (vol. % mmf) and stable isotopic composition δ13C (‰ VPDB) for study wells Southleigh 1, WW107, Pinelands 4 and 
Jordan 3; data for wells Pinelands 4 and Jordan 3 from Pacey (2011).     
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3.6! Indications for the palaeoenvironment of the Walloon Subgroup 
3.6.1! Coal type and base level changes 
Overall, the abundance of dull lithotypes, the thin nature of the bright vitrain bands and sparse 
occurrence of thick bright vitrain bands, and the petrographic abundance of detrovitrinite and 
suberinite, corroborate previous studies (Khavari-Khorasani, 1987) that palaeovegetation of the 
Walloon Subgroup was dominantly herbaceous, with occasional shrubs or small trees, similar to a 
fens or marshy wetlands.  Although wood can be decomposed to fine grained detritus by bacterial 
and fungal decay (Crosdale, 1993; Shearer and Moore, 1993), the identification of thicker bright 
bands as gymnosperm wood and the thinner bands as entire to moderately decomposed roots with 
suberinite, suggest that the primary control on the texture and composition of the coals was 
compositional rather than decay.  
The highest amount of liptinite macerals, in particular root suberinite, occurs in the upper Taroom 
and the Lower Juandah Coal Measures.  Suberinite is a liptinite group maceral originating from 
suberin (Taylor et al., 1998). Suberization of underground plant parts or the endodermis and cells of 
bark tissue involves the formation of a three-dimensional poly(phenolic) matrix, in the beginning 
within the carbohydrate matrix of the main cell wall. This is followed by the deposition of additional 
protein, carbohydrate and poly(phenolic) containing layers. These layers are often called secondary 
cell wall thickenings (Bernards et al., 2001). Suberinite can be found in cork or bark, but also on the 
surface of roots, helping protect plants against desiccation and deleterious solutes (Taylor et al., 
1998). In roots, suberin forms in the cell walls of the exodermal cells. This structure is called the 
Casparian band. The formation of Casparian bands and suberin lamellae is a response to 
environmental conditions, either desiccation due to dry conditions, salinity, nutrient stresses or anoxia 
during high water levels (Hose et al., 2001). The size of the suberinite macerals/phyterals within the 
Walloon and Springbok coal samples is less than 0.25 mm, suggesting the preservation of rootlets 
and root hairs, even if decompacted. Suberinite macerals appear in cluster- or mat-like structures 
(Figure 3-4 d). Dense root mats in a waterlogged peat help to establish a more stable environment for 
peat preservation. 
Relatively high total liptinite contents (up to 59 vol. % mmf) point towards a wet depositional 
environment of the Taroom and Lower Juandah coals, most likely limno-telmatic mires, in which 
trees cannot grow due to a water table higher than one metre or the growth of big trees is stunted, but 
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especially root suberinite is well preserved. Increased mineral matter in coal, shaly coal and 
carbonaceous mudstone samples (on average 34 vol. % ± 25) and in particular cortex cell lumens of 
suberinite filled with mineral matter underpin the presence of a limno-telmatic marsh environment 
with high influx of detrital material.  
Since petrographic block samples provide information for a certain point of time during an extended 
period of peat formation in the mire only, it is beneficial to conduct lithotype logging as it records 
changes in depositional conditions and precursor plant material over the whole timespan during which 
the peat forms. Despite the overall dull nature of the coals, the authors, as well as Pacey (2011) noticed 
cm-scale cyclicity (mostly 15-25 cm in scale) on seam level in the makeup of the coals. The 
appearance of dulling upwards and brightening upwards trends are a result of oscillation of the water 
table, with brightening upwards trends representing a shift from lake to marsh and possibly slightly 
wooded fen vegetation, and dulling upwards sequences suggesting rising water level, reversing the 
cycle and drowning the peat mire (Pacey, 2011). 
The Taroom and Lower Juandah Coal Measures show inertinite contents of less than 1 vol. % mmf, 
but the content of oxidized material is significantly increased within the Upper Juandah Coal 
Measures and the Springbok Sandstone units (0-68 vol. % mmf, 10 vol. % mmf on average). 
Abundant inertodetrinite (Figure 3-4 b, c and d), as well as fusinites (Figure 3-4 a) and semifusinites 
(Figure 3-4 d) can be observed in coal samples from the Springbok Sandstone and the Upper Juandah 
Coal Measures. 
Inertodetrinites represent most likely a windborne charcoal fraction, which, when formed by high 
intensity crown fires, can be transported over a radius of 20-100 km (Clark and Patterson, 1997; Clark 
et al., 1998; Collinson et al., 2007; Conedara et al., 2009; Hudspith et al., 2012). The 
photomicrographs presented in Figure 3-4a and d show fusinites with cell structure and high 
reflectance characteristic for fusinitized leaves. However, most of the fusinites and semifusinites seen 
in the samples used for this study do not show the very thin cells walls that are characteristic for 
pyrofusinites (Taylor et al., 1998). Rather they are associated with telovitrinite and resulted from 
mouldering and desiccation in periods with decreased water availability or a lower water table (Figure 
3-4 a and d). Cell structure of those so-called degradofusinites is poorly preserved and they are rather 
of semifusinitic reflectance (Taylor et al., 1989). Degradofusinites can also form during mouldering 
of wood due to the work of wood-decomposing fungi, but fungal spores or signs of fungal attack were 
not observed within the Walloon coal samples.  
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Fusain lenses, which macroscopically represent fusinite macerals, are sparse and thin (most 
commonly 1mm; 64.4 % and n=64). However, an increased frequency of fusain lenses in the Upper 
Juandah Coal Measures (5 % ± 1.3 across the logged coal intervals) and within the coals of the 
Springbok Sandstone (10.1 %; Figure 3-7) was observed, supporting the hypothesis of fluctuating to 
dropping base level. Fusain lenses were recorded megascopically in the seams of the Lower Juandah 
Coal Measures as well, but on a petrographic level, samples taken from these intervals did not show 
any increased inertinite contents.  Volumetrically, these small lenses may not have been picked up in 
the metre scale canister samples.  
The microscopic trends in the composition of the coals of the Walloon highlighted in this study track 
the petrographic data presented in Scott et al. (2007) for Walloon coals from the eastern Surat Basin. 
Scott et al. (2007) describe the coals of the Walloon Subgroup to be dominated by vitrinite group 
macerals with an average of 76.8 vol. %. Scott et al. detected increasing liptinite contents from the 
top of the Upper Juandah Coal Measures towards the top of the Taroom Coal Measures, followed by 
a decrease in liptinite content towards the lower seams of the Taroom Coal Measures. This 
‘boomerang’ trend was not obvious in the well data presented in this study. The data rather shows 
relatively high liptinite contents throughout the seams of the Taroom and Lower Juandah Coal 
Measures, but a slight decrease within the Upper Juandah Coal Measures, which coincides with 
increased inertinite contents. The latter is in accord with the findings of Scott et al. (2007), who 
detected increased inertinite concentrations within the seams of the Upper Juandah Coal Measures.  
The different composition of the Upper Juandah and Springbok coals compared to coals of the 
underlying units, suggests a reversal in water availability, from rising to consistently high to 
fluctuating to dropping, which would expose the mire surface and create conditions favourable for 
wildfires. Rising base level in an interior basin could be due to eustatic rises in sea level, or to 
subsidence in the basin. There is some conjecture in the Surat Basin, whether it is entirely cratonic, 
or pericratonic with some basin downwarping in response to tectonism (Shields & Esterle, 2015; 
Wainman et al., 2015).  An integrated chemo and biostratigraphic study, coupled with sedimentary 
analysis by Martin et al. (2013) found evidence to support a sequence stratigraphic context for the 
Walloon Subgroup.  They found an overall upwards wetting through the Taroom Coal Measures (high 
suberinite contents, dull) and an upwards drying through the Upper Juandah Coal Measures (higher 
inertinite contents, dull), interpreting those trends as a result of fluctuating water table and mire 
expansion and contraction. The role of climate is discussed in the next section.  
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3.6.2!  Organic stable carbon isotopes and climate 
Rather than local palaeoenvironmental conditions, carbon isotope ratios in fossilized plants or wood 
may ultimately be controlled by global carbon-cycle perturbations affecting the whole ocean-
atmosphere carbon system (Gröcke, 2002). In this study, the isotopic composition is not responding 
directly to maceral composition, and therefore does not reflect local environmental factors, like oxic 
or anoxic conditions during the deposition, or charring of plant material. Since vitrinite reflectance 
only slightly increases with depth within the Walloon and Springbok coals and the shift in isotopic 
composition does not track this trend, rank can be disregarded as a factor influencing isotopic 
composition of the study samples. A change in plant community from C3 to C4 plants can also be 
disregarded to explain the shift in δ13C of the coals examined in this study, since C4 plants only 
evolved in the Cretaceous (Brown and Smith, 1972; Moore, 1983; Stewart, 1993; Spicer, 1991; 
Wright and Vanstone, 1991). 
Gröcke (2002) highlights that δ13C in coal shows a range from -22 to -27 ‰ and is similar to the 
precursor plant material. The isotopic composition, however, can vary, depending on the plant parts 
that were preserved. Wood for example has a less negative stable carbon isotope composition than 
leaves, which is due to their different chemical composition. When larger, allogenic environmental 
factors are favoured to explain δ13C excursions, the influence of different plant parts preserved or 
changes in plant community need to be excluded. The characterisation of the Walloon coals has 
shown that no major changes in plant community occurred, except for more arborescent vegetation 
in the lower Taroom seams as indicated by the lithotype data for well Southleigh 1. Systematic 
palynological or phyterals analysis of the coal lithotypes would further test this hypothesis. However, 
the positive excursion in δ13C, which culminates within the Upper Juandah Coal Measures and the 
shift back to more negative values within the Springbok coals do not follow the lithotype trends 
recorded in well Southleigh 1. The influence of changes in plant community is therefore excluded to 
explain the stable carbon isotopic trends.  
The positive excursion in carbon isotopic composition in the Upper Juandah Coal Measures is 
consistent across all study wells and likely represents a larger, allogenic shift. As shown by Arens et 
al. (2000), most variations in δ13Cplant can be linked to changes in the carbon isotope composition of 
atmospheric CO2, rather than the level of CO2. The climate during the Early Oxfordian was humid, 
as indicated by the maceral composition of the Taroom, Tangalooma and Lower Juandah coals. An 
enrichment of atmospheric CO2 in 13C could be attributed to an enhancement in biological 
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productivity, which removes CO2 from the atmosphere with preferential use of the light carbon during 
photosynthesis in the terrestrial and marine biosphere. Excessive capture of organic matter in marine 
sediments and the formation of peat mires could have then resulted in a slow decrease in pCO2 and 
consequent enrichment in 13C towards the Middle Oxfordian, during which the coals of the Upper 
Juandah Coal Measures formed. Furthermore, the conditions of coal formation during the Middle 
Oxfordian (Upper Juandah Coal Measures) were more arid, as reflected in the maceral composition 
of the coals. This is suggested to result in more positive δ13C values in preserved plant material, too 
(Gröcke, 1998 and 2002).  
Where an excursion in δ13C represents a global change in the ocean-atmosphere carbon system, 
correlations can be made between δ13Cterrestrial and δ13Ccarbonate, even though carbonates show a 
different range of approximately 2 – 5 ‰ (Gröcke, 1997; Gröcke, 1998).  
Stable carbon isotope data for Oxfordian carbonates from the Subalpine Basin of France and the 
Swiss Jura Mountains show trends, which track the trends in isotopic compositions of coals observed 
in this study (Louis-Schmid et al., 2007). A study by Louis-Schmid et al. (2007) describes a distinct 
positive excursion with an amplitude of 1.5 ‰ in the stable isotopic composition of these carbonate 
samples. A different study by Pearce et al. (2005) highlights a similar positive excursion in δ13C in 
Oxfordian fossil wood. The exact cause of this positive excursion seems to be enigmatic. However, 
the turning point of the excursion coincides with a change in Tethyan sedimentation patterns and a 
significant reorganisation of the oceanic current system (Louis-Schmid et al., 2007). In middle 
latitudes, this could have caused an increase in palaeotemperature of about 5 °C and resulted in 
increased production and burial of organic carbon. This would have continuously removed 12C from 
the ocean system and caused the positive excursion in δ13C (Louis-Schmid et al., 2007). Increased 
rates of organic carbon burial also lead to an intermittent decrease of atmospheric pCO2, which can 
be reflected in more positive stable carbon isotope compositions in plants (Hesselbo et al., 2002; 
Gröcke, 2002).  
A study by Abbink et al. (2001) used quantitative sporomorph data of samples from the southern 
Central Graben (offshore, Netherlands) and East Anglia (onshore, UK) to establish a 
palaeotemperature curve for the Callovian to Early Ryazanian for the southern North Sea Region. 
The authors detected a change in climate from subtropical and humid conditions to an aridization and 
stepwise warming setting after the Early Oxfordian and related the onset of this phenomenon to global 
palaeogeographic changes associated with the breakup of Pangea.  
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Similarly, the findings of an oxygen isotope study on dated oyster shells from the Late Jurassic of the 
eastern Paris Basin by Brigaud et al. (2008) indicate a warming trend of about 5 °C for oceanic surface 
waters during the Early to Middle Oxfordian, which is followed by a cooling of about 7 °C. Martin-
Garin et al. (2010) conducted oxygen isotope analysis on shells of reef-dwelling brachiopods and 
oysters (Oxfordian, Tethys) to evaluate the control of climate changes on coral communities. These 
authors found that the Early Oxfordian is marked by a period of low to medium diversities, which 
were observed in coral associations in the initial and terminal reef phase. This period correlates well 
with a phase of average seawater temperatures of <20.3 °C. Optimum environmental conditions for 
high coral diversity were detected in the Middle Oxfordian and correlate with an average seawater 
temperature between 22 and 30 °C. This so-called reef climax was followed by the demise of the 
reefs as a result of decreasing average seawater temperatures. Both oxygen isotope studies (Brigaud 
et al., 2008 and Martin-Garin et al., 2010) underpin the occurrence of a warming trend, which set in 
in the Early Oxfordian and culminated in the Middle Oxfordian. 
Diessel (2010) investigated the stratigraphic distribution of inertinite in humic coals, ranging in age 
from Silurian to the Neogene period and tested their relationship with atmospheric oxygen content 
and related parameters. He described inertinite contents of approximately 10 % for Oxfordian coals 
and decreasing atmospheric CO2 concentrations throughout that time. Furthermore, Diessel (2010) 
shows that atmospheric oxygen levels were about 15 % during the Late Jurassic, which is the 
concentration required in order for wildfires to occur (Belcher and McElwain, 2008). This matches 
the results highlighted in this study.  
Climate is one of the two main forces driving deposition in interior basins, like the Surat Basin. In 
combination with tectonic processes, like uplift, the slow shift to a more arid climate during the 
deposition of the Upper Juandah Coal Measures, as shown by increased inertinite contents, could 
have triggered the reversal in base level rise and accommodation space creation, as recorded in the 
Walloon Subgroup sediments.  
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3.7! Conclusions 
The Middle to Late Jurassic Walloon Subgroup records a classic interior basin sequence (K-
supersequence), in which the Taroom Coal Measures represent the transgressive systems tract with a 
constantly high base level, followed by a reversal in accommodation space creation and base level 
rise to relatively drier (here meant as no standing water) conditions during the deposition of the Upper 
Juandah Coal Measures (late stage falling cycle of the high stand systems tract). While a slow change 
in the climate of the Oxfordian seems to be recorded by a gradual enrichment in 13C towards the 
Upper Juandah Coal Measures, probably triggering the shift from transgressive to high stand systems 
tract, an environmental response to changing conditions seems to be delayed, with a sudden jump in 
coal composition to inertinite-rich coals of the Upper Juandah Coal Measures. 
The maceral and lithotype composition of the coals record a transition from a wet, mostly herbaceous 
marsh or fen with some woody vegetation during the deposition of the Taroom and Lower Juandah 
Coal Measures to a more arid system during the deposition of the Upper Juandah Coal Measures.  
This change from a wet to a rather dry, saline system is reflected in a shift from a high proportion of 
telovitrinite and suberinite macerals found in the dull coals of the Taroom Coal Measures, to the 
characteristic inertinite-rich signature of the coals of the Upper Juandah Coal Measures, following a 
typical interior basin sequence culminating in the late stage falling cycle of the high stand systems 
tract.  
The almost constantly high suberinite and vitrinite contents are interesting in this changing 
environment. The suberinite macerals are less than 0.25 mm in thickness, indicating the presence of 
roots and root hairs, which formed clusters or root mats. If the precursor plant community represents 
a transitional community able to persist despite the changing environment, this requires further 
research. 
  
 
 
86 
3.8! Acknowledgements 
The authors would like to thank The University of Queensland and the School of Earth Sciences for 
awarding an UQI scholarship, as well as the University of Queensland’s Centre for Coal Seam Gas 
(www.ccsg@uq.edu.au) for providing industry research funding. The authors are thankful to Santos 
Ltd, QGC Pty Ltd and MetroCoal Ltd for providing samples and data and in particular to Dr Tennille 
Crombie for her help and advice. We thank Dr Fengde Zhou for providing the thickness map, Kim 
Baublys for conducting the stable isotope analysis and Dr Sandra Rodrigues for reviewing the 
manuscript.  
  
 
 
87 
 
4! THE USE OF STABLE CARBON ISOTOPE TRENDS AS A 
CORRELATION TOOL: AN EXAMPLE FROM THE SURAT 
BASIN, AUSTRALIA 
 
Hentschel, A., Esterle, J.S., Golding, S.D. 
School of Earth and Environmental Sciences, University of Queensland, Brisbane, QLD, Australia 
 
APPEA Journal (2016), pp. 355-368 
 
Astrid Hentschel (PhD candidate) conducted petrographic and organic stable carbon isotopic 
analysis, interpreted data, prepared figures and wrote manuscript. 
Joan Esterle (Principal PhD supervisor) reviewed, discussed and edited manuscript. 
Suzanne Golding (Associate PhD supervisor) reviewed, discussed and edited manuscript. 
 
This paper presents basin wide trends in stable carbon isotope composition of the coals of the Walloon 
Subgroup. Comparison is made with stable carbon isotope trends observed in other sediments of the 
same age, which likely respond to a global shift in climate. The use of organic stable isotopic trends 
to contribute to a more confident correlation of subunits is tested in this study, addressing research 
component 1 as outlined in the ‘research objectives, questions and methodology’ chapter.  
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4.1! Abstract 
The Middle to Late Jurassic Walloon Subgroup of the Surat Basin is a productive coal seam gas 
(CSG) source in Queensland, Australia. The Walloon Subgroup can be subdivided into Upper and 
Lower Juandah Coal Measures, Tangalooma Sandstone, Taroom Coal Measures and the Durabilla 
Formation from top to bottom. Correlation of these subunits across the Surat Basin is challenging due 
to their high lateral variability and discontinuity, as well as a lack of extensive stratigraphic markers. 
The Walloon Subgroup is also in places incised by the overlying Springbok Sandstone, sometimes 
interpreted as far down as the Tangalooma Sandstone. New age dates suggest that the Walloon 
Subgroup is Callovian to Oxfordian in age and marks a period of high rates of Corg production and 
burial, and an intermittent decrease of atmospheric pCO2. The un- or disconformable base of the 
Springbok Sandstone coincides with a turning point of this supposedly global phenomenon. This 
study uses organic stable carbon isotope trends as a correlation tool for the Walloon Subgroup and 
the overlying Springbok Sandstone in the Surat Basin.  Analysis of a stratigraphic suite of coal 
samples from several wells across the Surat Basin shows a gradual enrichment in 13C up section from 
the Taroom to the Lower Juandah Coal Measures, with the most positive δ13C values recorded within 
the Upper Juandah Coal Measures. Thereafter there is a rapid reversal to more negative δ13C values 
for coal samples of the overlying Springbok Sandstone.  The upward enrichment occurs well before 
a shift in maceral composition to increased inertinite content in the coals, suggesting more global 
allogenic processes are controlling the carbon isotopic trend.  The consistency of these trends lends a 
more confident correlation for the subunits of the Walloon Subgroup, and assists in determining the 
level of incision disconformity of the Springbok Sandstone.  
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4.2! Introduction  
The Walloon Subgroup is an economically important, subbituminous and hydrogen-rich source of 
mainly microbial methane (Draper and Boreham, 2006; Hamilton, 2014). Specifically, the coals of 
the Walloon Subgroup are low rank, at the base of the oil-window (Rv, max 0.35-0.64%; Scott et al., 
2007) and have abundant perhydrous vitrinite (average 76.8 vol. %) and high liptinite contents (19.5 
vol. % in average; Scott et al., 2007), making them an ideal substrate for microbial methane 
generation. 
Despite the potential of the Walloon Subgroup as a target for exploration and production of coal seam 
gas (CSG), some uncertainty exists regarding the internal architecture of the unit. Due to the nature 
of the fluvio-lacustrine depositional system, coal seam splitting is frequent throughout the basin. A 
lack of laterally continuous marker horizons, such as the laterally persistent tuff horizons in the 
Bowen Basin, poses further challenges for the inter-well correlation of subunits. To assist with a more 
confident correlation of subunits and to test existing basin wide correlations (OGIA, 2014 and 2016), 
robust stratigraphic marker horizons are required. These could come from a systematic petrographic 
and stable isotopic characterisation of the coals of the Walloon Subgroup; an approach that has not 
been applied before to these Jurassic coals.  
To date, the focus of geological investigation has been on the CSG fairway on the north-eastern 
margin of the basin; however, the Walloon coals thin out to the west across the Roma Shelf and the 
Nebine Ridge before joining the Birkhead Formation of the Eromanga Basin (Figure 4-1and 4-2) and 
the CSG defining parameters decrease. As a result, they are poorly studied, even though they 
contribute to the interpretation of environments of peat formation including the implications for 
palaeoclimate and –vegetation, which impact on the character of the coals. 
The detailed petrographic and stable isotopic characterisation of the coals of the Walloon Subgroup 
will provide insight into their depositional environment and palaeomire conditions. Trends in their 
petrographic and stable carbon isotopic composition will help to overcome uncertainties associated 
with the stratigraphy of this unit and inter-well correlation for the highly variable coal measures of 
the Walloon Subgroup.  
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Figure 4-1: Geological map of the Surat Basin and adjacent basins showing tectonic elements.  
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4.3! Background 
4.3.1! Geological setting 
The Surat Basin is a large, intracratonic basin that extends over an area of approximately 300 000 km2 
in eastern Australia (Figure 4-1), although its subsidence behaviour is similar to that of foreland 
systems (Wainman et al., 2015). Its strata crop out against the Bowen Basin in the north and the 
Auburn Arch and New England Fold Belt in the east.  To the west, it is continuous with the Eromanga 
Basin across the Nebine Ridge (Exon, 1976; Martin et al., 2013). The Surat Basin hosts the 
subbituminous rank coals of the Walloon Subgroup, which reaches a maximum thickness of 450 
meters within the axis of the Surat Basin, the Mimosa Syncline (Cadman and Pain, 1998). The Walloon 
Subgroup was suggested to be continuous with the more coal poor Birkhead Formation in the 
Eromanga Basin (Exon, 1976; Salehy, 1986). 
The variability in coal and interburden character allows the Walloon Subgroup to be subdivided into 
upper (Juandah) and lower (Taroom) coal measures, which are separated by a relatively barren zone 
(Tangalooma Sandstone), which is difficult to correlate throughout the Surat Basin. The aforementioned 
subunits overlie the Durabilla Formation, a unit comprising abandoned channels encased in flood basin 
and overbank mudstones and siltstones, as well as a sandstone-dominated, fining upward unit, called 
the Hutton Sandstone (Hamilton, 2014; Figure 4-3). The major coal bearing measures, the Juandah and 
the Taroom Coal Measures, can be subdivided into nine coal seam groups, but these are also difficult to 
correlate regionally across the basin (Martin et al., 2013; Scott et al., 2007) and therefore are not used 
in this study. The Walloon Subgroup underlies an erosively based unit called the Springbok Sandstone 
(Figure 4-3). The unconformable base is thought to represent a major, global event, as well as a shift 
from the transgressive to high stand systems tract of the Walloon Subgroup, to a low stand systems tract 
(Hoffmann et al., 2009; Shields & Esterle, 2015) and is referred to as the Springbok Unconformity. 
Based on palynological analysis, the Walloon Subgroup was dated as Bathonian to Callovian in age. 
The deposition of the Springbok Sandstone on an unconformable surface was suggested to mark the 
onset of the Oxfordian; however, a recent study by Wainman et al. (2015) contests these dates and 
proposes that the Walloon Subgroup was deposited in the Callovian to Oxfordian (158-162Ma).   
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Figure 4-2: Thickness map of the coal measures of the Walloon Subgroup (top Juandah Coal Measres 
to base Taroom Coal Measures) including location of study wells. Note: this map also includes the 
interburden of the Walloon Subgroup. 
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The thickness and distribution of the Juandah Coal Measures is controlled by the erosive base of the 
overlying Springbok Sandstone and is a function of differential erosion due to regional uplift (Sliwa 
and Fraser, 2004; Hamilton, 2007; Sliwa and Esterle, 2008). Fluvial incision at the base of the 
Springbok Sandstone with the onset of a new depositional cycle in the Surat Basin has been 
recognized from well-log correlation (Sliwa & Fraser, 2004; Hamilton, 2007; Sliwa & Esterle, 2008) 
and is identifiable in seismic data (Hoffmann et al., 2009). A study of the eastern Surat Basin 
conducted by Sliwa & Esterle (2008) suggests that thickening of the Walloon Subgroup towards the 
north can be attributed to less intensive erosion in addition to deposition.  
The most recent and probably most detailed study of the stratigraphy of the Surat Basin has shown 
that the thickness and character of the strata varies throughout the basin (OGIA, 2014; Figure 4-4). 
Even though the Birkhead Formation of the Eromanga Basin was described to be continuous with the 
Walloon Subgroup, the most recent correlations have shown that this only holds in part. OGIA (2014) 
interprets that the Juandah Coal Measures in the western part of the basin were eroded in their entirety. 
The uncertainty surrounding the extent of the incision of the Juandah Coal Measures leads to 
correlation errors, mistaking the overlying Springbok Sandstone, which also contains thin coals, for 
the Juandah Coal Measures. Furthermore, it was suggested that the lower Taroom Coal Measures 
pinch out towards the Nebine Ridge in the west. That leaves the Tangalooma Sandstone, a unit that 
is laterally continuous, though variable in its composition, as the only part of the Walloon Subgroup 
to be continuous with the Birkhead Formation (OGIA, 2014; Figure 4-4).  
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Figure 4-3: Lithostratigraphy of the Surat Basin (after McKellar, 1998) and the Walloon Subgroup 
(after OGIA, 2016). Time-scale adjusted based on CA-TIMS dates from Wainman et al. (2015). 
Sedimentary cycles as defined by Hoffmann et al. (2009), systems tracts after Shields & Esterle 
(2015). LST=low stand systems tract, HST=high stand systems tract, TST=transgressive systems 
tract, LSFC=late stage falling cycle.  
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Figure 4-4: W-N-SE trending cross-section through the Surat Basin covering the coal measures of 
the Walloon Subgroup and partially the overlying Springbok Sandstone (OGIA, 2014). 
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4.4! Methodology 
A combined petrographic and stable isotopic approach was applied to characterize the coals and their 
environment of formation, and to test if the isotopic composition of coals follows changes in 
environment of peat formation, as inferred by the maceral composition of coals, or larger, allogenic 
shifts in the ocean-atmosphere carbon reservoir, which is a premise for the use of stable carbon 
isotopes as a correlation tool.  
An overview of analyses conducted and the source of data used in this study is presented in Table 4-
1. A map showing the locations of study wells is provided in Figure 4-2. All results were tested for 
lateral consistency and their potential as stratigraphic markers.  
 
Table 4-1: Analyses conducted and source of data (1Pacey (2011), 2Hentschel (2013), 3this study). 
Well 
Analyses conducted 
Maceral analysis Stable carbon isotope analysis 
Indy 3 27 block samples3 27 samples3 
Southleigh 1 27 block samples2 17 samples2 
WW107 19 grain mounts3 20 samples3 
Guluguba 2 25 block samples3 25 samples3 
Pinelands 4 42 grain mounts1 38 samples1 
Jordan 3 41 grain mounts1 40 samples1 
 
4.4.1! Petrographic analysis 
Petrographic analysis was conducted for 98 samples from four wells located on the western and 
northern limb of the Surat Basin (see Table 4-1 and Figure 4-2). Petrographic data was acquired for 
two wells located along the eastern margin of the basin (Figure 4-2; Pacey, 2011). Oil immersion 
reflectance microscopy was conducted on a number of handpicked block samples and grain mounts 
with a particle top size of 1 mm following AS2856-2 (1998). The block samples were selected from 
core after lithotype logging, which allowed observation of the macerals in context with their 
phyterals. The grain mounts represent seam interval composites. Together these different types of 
samples were used to examine stratigraphic variation and lateral variation in maceral composition 
throughout the Surat Basin. 500 points were counted for every sample. 
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Macerals are microscopically recognizable individual constituents of coal and are divided into three 
maceral groups: vitrinite, liptinite and inertinite. This classification is based on the composition of 
precursor plant parts and material, as well as their preservation, which is reflected in the 
microscopically recognizable features of macerals. Vitrinite originates from humic substances, which 
are alteration products of lignin and cellulose and partly of tannins impregnating cell walls and filling 
cell lumens. According to AS2856-2 (1998), the vitrinite group macerals are classified into cell 
tissues (telovitrinites), detritus (detrovitrinites) and gels (gelovitrinites). Liptinites are products of 
plant remnants such as waxes, resins, cutin, suberin and sporopollenin and are hydrogen-rich 
(Teichmüller, 1989; Taylor et al., 1998). Liptinite precursors are resistant to decay during the course 
of peatification and diagenesis. Inertinites have undergone fusinitization processes such as 
desiccation, oxidation, and charring, fungal attack and/or mouldering; however, inertinite group 
macerals are mostly derived from the same plant substances as vitrinite and liptinite (Teichmüller, 
1989; Taylor et al., 1998). Oxidation of plant material is directly related to the height of the mire 
surface above groundwater level (Wüst et al., 2001). A shift in inertinite content could therefore 
indicate changes in environmental conditions during deposition that would alter the water table. 
 
4.4.2! Organic stable carbon isotope analysis 
Coal stable carbon isotope analysis was undertaken at the University of Queensland Stable Isotope 
Geochemistry Laboratory for a total of 167 representative samples from four wells along the western 
and northern margin of the Surat Basin and two wells from the eastern limb (Figure 4-2; data for two 
wells from eastern part of the basin from Pacey, 2011). An Isoprime CF-IRMS coupled to an 
Elementar EA was used to determine the stable isotopic composition (δ¹³C) of the coal samples. All 
samples were measured in duplicate with any duplicates differing by more than 0.3 per mil being 
repeated. The system was calibrated using international standards USGS24 and NAT76H.  The results 
were normalized via a two-point regression (Paul et al., 2007). All carbon isotope data are reported 
against the Vienna Pee Dee Belemnite (VPDB) standard in per mil with a precision of ± 0.1 ‰ at one 
standard deviation. 
Carbon isotope ratios in coal exhibit a narrow range of only 5 ‰ between δ13C -22 ‰ and -27 ‰ and 
therefore are similar to the carbon isotopic composition of precursor plant material, despite extensive 
diagenetic alteration (Boutton, 1991).  Researchers suggest that trends in the isotopic composition of 
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the organic material preserved in coals reflect either local changes in the environment, or larger 
changes in the ocean-atmosphere carbon reservoir. 
Whiticar (1996) showed that the δ13C of inertinite > vitrinite > liptinite in coals from the Ruhr Valley 
in Germany. As light carbon (¹²C) is preferentially released to form gases such as ¹²CO₂, fusinitization 
of modern plant matter also results in the local enrichment of ¹³C (Gröcke, 2002; Newton and Bottrell, 
2007. Other local, environmental factors such as water stress have also been shown to influence the 
δ¹³C values of plants. For instance, reduced water availability and increased salinity and water-use 
efficiency result in more positive δ¹³C values (Gröcke, 2002; Birgenheier et al., 2010). Teichmüller 
and Teichmüller (1979) suggested that coalification of organic material also results in less negative 
δ13C values, so these factors must be taken into account when interpreting the isotopic signature of 
coals.  
Variations in the carbon isotopic composition of plants also occur due to differences in the 
photosynthetic pathway of carbon dioxide fixation (Whiticar, 1996; Gröcke, 2002; Van Bergen and 
Poole, 2002). Plants discriminate against the heavier isotope; however, in C3 plants (temperate 
shrubs, trees and grasses) the discrimination process is more pronounced (δ¹³Corg ~ -22 ‰ to -33 ‰) 
than in C4 plants (herbaceous, tropical, arid-adapted grasses; δ¹³Corg ~ -8 ‰ to -18 ‰) (Whiticar, 
1996; Gröcke, 2002). C4 plants only evolved in the Cretaceous (Brown and Smith, 1972; Moore, 
1983; Stewart, 1993; Spicer, 1991; Wright and Vanstone, 1991), but there could be some variability 
in carbon isotopic composition due to changes in woody versus herbaceous plants in the mire. 
Studies suggest that more negative plant carbon isotope values may coincide with increased 
atmospheric pCO2, and positive excursions coincide with reduced pCO2, depending on the processes 
driving the change in carbon isotopic composition (e.g., Hesselbo et al. 2002). However, a study by 
Arens et al. (2000) suggested that about 90% of the variation in the δ13C values of C3 plants can be 
linked to changes in the carbon isotope composition of atmospheric CO2 (δ13C-CO2), rather than the 
level of CO2.This finding is controversial but does suggest that δ13Cplant time-series can potentially 
allow correlation not only between successions of marine carbonates and shallow-water clastics but 
also fluvial or lacustrine successions containing fossil wood. This, however, can only be achieved 
over time-intervals where substantial and diagnostic variations in the marine carbon isotope curve are 
recorded. 
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4.5! Results 
4.5.1! Petrographic analysis 
The maceral composition for 181 samples across six study wells is shown on a group level with depth 
in Figure 4-5 and on a maceral level as an average per subunit and well in Table 4-2.  
On a maceral group level, all samples are dominated by vitrinite group macerals with an average of 
66.9 vol. % ± 15.7 vol. % (mmf) across all samples, showing no significant trends with depth (Figure 
4-5). On a maceral level, telovitrinite (33.9 vol. % ± 20.3 vol. % mmf, average across all samples) 
and detrovitrinite (27.9 vol. % ± 24.7 vol. % mmf, average cross all samples) are the most common 
constituents of the Walloon coals (Table 4-2). The coals also have abundant liptinite macerals with 
an average of 29.4 vol. % ± 13.9 vol. % (mmf) for all samples, with suberinite being the most common 
liptinite maceral with an average of 22.0 vol. % ± 12.2 vol. % on a mmf basis. The liptinite and 
especially suberinite contents are lower in coal samples from the Springbok Sandstone and the Upper 
Juandah Coal Measures (Figure 4-5 and Table 4-2). While inertinite group macerals are only present 
in trace amounts in samples from the Taroom and Lower Juandah Coal Measures, samples from the 
Upper Juandah Coal Measures and the Springbok Sandstone record a sudden jump in the content of 
fusinitized material. The inertinite content varies from 0 to 68 vol. % (mmf); however, the average 
inertinite content is only 4 vol. % ± 9.5 vol. % (mmf) across all samples.  
The average mineral matter content for all samples is 24.3 vol. % ± 24.6 vol. %. By definition 
(Diessel, 1965), 33.7 % of all samples have to be classified as shaley coals, coaly shales or 
carbonaceous shales, as their mineral matter content exceeds 30 vol. %. Increased mineral matter 
contents are not associated with any of the maceral groups.  
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Table 4-2: Maceral composition for all study wells in vol. % as an average per subunit (standard deviation shown in light grey). TV=Telovitrinite, 
DV=Detrovitrinite, GV=Gelovitrinite, Sp=Sporinite, C=Cutinite, R=Resinite, LD=Liptodetrinite, Suberinite=Sb, Fl=Fluorinite, ED=Exsudatinite, 
B=Bituminite, Fs=Fusinite, Sf=Semifusinite, ID=Inertodetrinite, Fn=Funginite, Mac=Macrinite, Mic=Micrinite, Fn=Funginite, Mm=Mineral matter. 
 
      Vitrinite Liptinite Inertinite 
W
el
l 
U
ni
t 
V
itr
in
ite
 
L
ip
tin
ite
 
In
er
tin
ite
 
M
in
er
al
 
M
at
te
r 
T
V
 
D
V
 
G
V
 
Sp
 
C
 
R
 
L
D
 
Sb
 
Fl
 
E
D
 
B
 
Fs
 
Sf
 
ID
 
M
ac
 
M
ic
 
Fn
 
Indy 3 
Springbok Sandstone 55.6 10.9 4.3 29.3 13.5 41.9 0.2 3.1 0.8 0.1 0.6 6.3 0.0 0.0 0.0 2.5 1.0 0.8 0.0 0.0 0.0 
Stdev (±) 21.0 6.3 4.7 23.7 22.3 13.4 0.2 2.2 0.9 0.2 0.4 4.8 0.0 0.0 0.0 2.7 1.1 1.1 0.0 0.0 0.0 
Juandah Coal Measures 72.9 25.0 0.1 2.1 12.0 59.4 1.5 6.4 2.0 0.7 0.6 15.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Stdev (±) 13.1 13.1 0.1 1.8 8.9 13.2 1.7 3.4 1.4 0.8 0.7 11.2 0.0 0.0 0.0 0.1 0.1 0.1 0.0 0.0 0.0 
Taroom Coal Measures 68.4 14.3 0.3 17.0 6.9 60.9 0.6 3.1 0.5 0.1 0.5 10.1 0.0 0.0 0.0 0.1 0.2 0.1 0.0 0.0 0.0 
Stdev (±) 21.8 10.8 0.1 16.2 8.7 24.1 0.6 2.0 0.5 0.3 0.5 7.6 0.0 0.0 0.0 0.2 0.4 0.2 0.0 0.0 0.0 
Southleigh 1 
Springbok Sandstone 50.0 26.0 15.7 8.3 37.7 11.7 0.7 4.0 3.7 0.0 0.0 18.3 0.0 0.0 0.0 4.0 8.7 3.0 0.0 0.0 0.0 
Stdev (±) 11.0 15.1 15.8 5.9 15.3 7.1 1.2 3.0 4.0 0.0 0.0 10.2 0.0 0.0 0.0 6.1 8.1 2.6 0.0 0.0 0.0 
Juandah Coal Measures 51.6 41.5 4.4 2.5 39.3 9.6 2.6 8.0 3.9 0.3 0.0 29.4 0.0 0.0 0.0 2.0 1.5 0.9 0.0 0.0 0.0 
Stdev (±) 12.0 15.3 7.8 4.1 11.4 6.1 2.1 3.1 2.0 0.5 0.0 14.8 0.0 0.0 0.0 4.0 2.3 1.5 0.0 0.0 0.0 
Tangalooma Sandstone 59.0 35.3 0.3 5.3 40.0 14.0 5.0 7.7 4.3 0.3 0.0 23.0 0.0 0.0 0.0 0.0 0.0 0.3 0.0 0.0 0.0 
Stdev (±) 9.8 16.9 0.6  7.6 6.9 10.6 4.6 3.5 0.6 0.6 0.0 14.7 0.0 0.0 0.0 0.0 0.0 0.6 0.0 0.0 0.0 
Taroom Coal Measures 49.6 34.6 0.3 15.6 39.9 7.4 2.3 6.6 3.6 0.3 0.0 24.1 0.0 0.0 0.0 0.0 0.1 0.1 0.0 0.0 0.0 
Stdev (±) 22.4 17.2 0.8 28.8 21.6 2.4 2.3 3.0 2.9 0.5 0.0 15.6 0.0 0.0 0.0 0.0 0.4 0.4 0.0 0.0 0.0 
WW107 
Springbok Sandstone 13.5 22.0 26.5 38.0 3.5 8.5 1.5 2.0 0.5 0.5 1.0 17.5 0.0 0.5 0.0 9.0 8.0 9.5 0.0 0.0 0.0 
Stdev (±) 9.2 15.6 0.7 25.5 0.7 7.8 0.7 2.8 0.7 0.7 1.4 12.0 0.0 0.7 0.0 2.8 2.8 0.7 0.0 0.0 0.0 
Juandah Coal Measures 42.9 27.2 2.6 27.3 8.9 32.5 1.5 3.4 1.1 0.5 1.4 20.8 0.0 0.0 0.0 0.4 0.8 1.4 0.0 0.0 0.0 
Stdev (±) 11.0 8.8 4.1 13.0 5.1 9.3 0.6 1.2 0.8 0.5 0.7 8.1 0.0 0.0 0.0 1.2 1.3 1.8 0.0 0.0 0.0 
Guluguba 2 
Springbok Sandstone 86.0 11.2 0.0 2.8 37.2 48.8 0.0 2.0 0.2 0.0 0.2 8.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Stdev (±) 0.0 0.0 0.0  0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Juandah Coal Measures 73.3 17.2 1.7 7.8 18.6 52.4 2.3 2.6 2.7 0.4 1.2 10.3 0.0 0.0 0.0 0.8 0.1 0.8 0.0 0.0 0.0 
Stdev (±) 17.2 12.1 4.1  13.8 21.2 17.6 2.8 1.5 3.8 0.5 1.1 10.9 0.0 0.0 0.0 2.3 0.3 1.6 0.0 0.0 0.0 
Taroom Coal Measures 67.9 20.6 0.0 11.5 21.2 42.4 4.3 3.9 4.1 0.6 0.7 11.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Stdev (±) 14.6 11.1 0.0  17.1 10.3 15.4 4.7 3.2 7.0 0.6 0.6 9.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Pinelands 4 
Juandah Coal Measures 47.5 17.1 3.9 31.6 35.8 6.6 5.2 0.3 3.4 0.1 0.0 13.4 0.0 0.0 0.0 1.4 1.8 0.6 0.0 0.1 0.0 
Stdev (±) 18.8 7.4 6.2 22.3 14.3 3.3 3.5 0.3 1.5 0.1 0.0 6.5 0.0 0.0 0.0 2.5 3.0 1.1 0.0 0.2 0.0 
Taroom Coal Measures 52.5 20.2 0.4 27.0 37.1 9.0 6.4 0.4 3.0 0.1 0.0 16.8 0.0 0.0 0.0 0.1 0.1 0.1 0.0 0.1 0.0 
Stdev (±) 18.0 5.2 0.4  18.5 15.2 3.3 2.3 0.4 1.4 0.1 0.0 4.2 0.0 0.0 0.0 0.2 0.3 0.1 0.0 0.1 0.0 
Jordan 3 Springbok Sandstone 3.0 0.0 0.0 97.0 2.4 0.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 Stdev (±) 0.0 0.0 0.0  0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
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Juandah Coal Measures 34.0 20.7 1.1 44.3 23.7 5.3 5.0 0.5 2.9 0.2 0.0 17.1 0.0 0.0 0.0 0.3 0.4 0.3 0.0 0.0 0.0 
Stdev (±) 15.2 10.5 2.3  20.7 10.6 2.9 2.5 0.4 1.7 0.2 0.0 8.6 0.0 0.0 0.0 0.7 1.2 0.6 0.0 0.1 0.0 
Tangalooma Sandstone 69.0 23.5 0.2 7.3 52.0 9.5 7.5 1.0 4.6 0.4 0.0 17.5 0.0 0.0 0.0 0.0 0.0 0.2 0.0 0.0 0.0 
Stdev (±) 0.0 0.0 0.0  0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Taroom Coal Measures 44.8 25.3 0.4 29.6 31.1 8.5 5.2 0.6 4.0 0.1 0.0 20.5 0.0 0.0 0.0 0.2 0.2 0.0 0.0 0.0 0.0 
Stdev (±) 16.6 9.8 0.5 22.2 11.5 3.8 2.6 0.6 1.5 0.2 0.0 8.0 0.0 0.0 0.0 0.2 0.3 0.1 0.0 0.0 0.0 
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4.5.2! Organic stable carbon isotope analysis 
The stable isotopic composition for all samples across all study wells is presented in Figure 4-5 and 
falls into a range between -20.95 and -25.41 ‰, with an average of -23.45 ‰. Samples from the 
Taroom Coal Measures show relatively negative δ¹³C values across all study wells (average -24.15 
‰ ±0.59 ‰), as do coal samples from the Tangalooma Sandstone with an average of -24.7 ‰ (±0.50 
‰); however, coals within the Tangalooma Sandstone are rare, especially in the western Surat, and 
the number of samples tested for their stable isotopic composition was limited (n=4). In the Lower 
Juandah Coal Measures (average δ¹³C of -23.85 ‰ ± 0.91 ‰ across all samples), a shift to less 
negative compositions within samples from the Upper Juandah Coal Measures (average δ¹³C of -
22.40 ‰ ± 0.81 ‰ for all samples) sets in. This shift to less negative compositions is gradual and 
consistent for all study wells, and is followed by a significant shift back to more negative δ¹³C values 
for coal samples from the Springbok Sandstone (average of -24.40 ‰ ± 0.51 ‰ across all samples). 
Coal samples taken from the upper section of the Juandah Coal Measures in Indy 3 (as correlated by 
the exploration company; Figure 4-5) show isotopic compositions that are more negative compared 
to those determined for samples taken from the corresponding interval in well Southleigh 1 to Jordan 
3 (n=7, average δ¹³C of -24.37 ‰ ± 0.49 ‰). The well Indy 3 is located on the western margin of the 
Surat Basin, where the overlying Springbok Sandstone was suggested to have significantly incised 
the Juandah Coal Measures (see Figures 4-2 and 4-4).  
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Figure 4-5: Maceral composition (vol. %, mmf) and stable isotopic composition (δ¹³C in ‰, reported against VPDB standard) for all coal samples from 
the study wells (W to N to the E of the Surat Basin). Correlation of subunits according to company picks.  
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4.6! Discussion 
4.6.1! Petrographic analysis 
The coals of the Walloon Subgroup are dominated by telo- and detrovitrinite, indicating mixed 
herbaceous and woody precursor material with different levels of preservation (Figure 4-5 and Table 
4-2). Telovitrinites are alteration products of lignin and cellulose and indicate good preservation of 
plant material under anaerobic conditions. Detrovitrinites represent herbaceous precursor material 
and/or decay of plant material. Laterally consistent trends or significant changes with depth could not 
be observed in the telo- and detrovitrinite contents of the coal samples.  
Coal samples from the Taroom and Lower Juandah Coal Measures show abundant liptinite contents 
and in particular a high abundance of suberinite (Figure 4-5 and Table 4-2). The suberinite macerals 
present in the Walloon coal samples are elongated and less than 0.25 mm thin, suggesting the 
preservation of rootlets and root hairs. These rootlets or root hairs form cluster- or mat like structures. 
A palynological study conducted by Gould (1980) describes the coal-forming flora of the Walloon 
Subgroup. Equisetalis (horsetails) were described to have contributed to the formation of peat. These 
plants typically develop root systems as described in the above. The surface of roots can be coated 
by a protective layer, called suberin (fatty acid). It can help plants to protect themselves against 
desiccation and deleterious solutes. This means that the formation of suberin lamellae is a response 
to environmental conditions, like either desiccation due to dry conditions, salinity, nutrient stresses 
or anoxia during high water levels (Hose et al., 2001). Relatively high total liptinite contents and the 
absence of inertinite group macerals indicate a wet environment of peat formation, like a limno-
telmatic swamp or marsh for the Taroom and Lower Juandah Coal Measures, in which trees cannot 
grow due to a water table higher than one metre or the growth of big trees is stunted, but especially 
root suberinite is well preserved. The abundance of mineral matter and in particular cell lumens of 
suberinite filled with mineral matter confirms this type of depositional environment with a high influx 
of detrital material.  
The maceral composition of the Upper Juandah and Springbok coals suggest a change in environment 
of peat formation to lower base level conditions, as indicated by a jump in inertinite content (up to 68 
vol. % mmf; Table 4-2 and Figure 4-5). Semifusinites (1.4 to 43.2 vol. % mmf across all samples) 
and fusinites (1.3 to 25.0 vol. % mmf across all samples) are common and show cell structures 
indicative for oxidation and mouldering of wood due to the work of wood-decomposing fungi rather 
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than signs of fire (as usually indicated by devolatilization pores and thin cell walls; Taylor et al., 
1998); however, fungal spores were not observed within the Walloon coal samples. Inertodetrinites 
are less common (0.9 to 20.5 vol. % across all samples). Researchers suggest that inertodetrinites 
most likely represent a windborne charcoal fraction, which, when formed by high intensity crown 
fires, can be transported over a radius of 20-100 km (Clark and Patterson, 1997; Clark et al., 1998; 
Collinson et al., 2007; Conedara et al., 2009; Hudspith et al., 2012). 
The variation in maceral composition of the coals that occurs in the Upper Juandah Coal Measures 
and the Springbok Sandstone proposes a reversal in water availability, from a wet, rheotrophic 
depositional system, to a more arid system, where the mire surface may be exposed and conditions 
are favourable for wildfires.  
 
4.6.2! Organic stable carbon isotope analysis 
In this study, the positive excursion in isotopic composition that sets in in the Lower Juandah Coal 
Measures and culminates in the Upper Juandah Coal Measures, does not respond directly to maceral 
composition and therefore neither represents oxic or anoxic conditions in the mire, nor charring of 
plant material (Figure 4-5). A change in plant community from C3 to C4 plants can be disregarded 
as well in the interpretation of the shift in isotopic composition of the Walloon coals, since C4 plants 
only evolved in the Cretaceous (Brown and Smith, 1972; Moore, 1983; Stewart, 1993; Spicer, 1991; 
Wright and Vanstone, 1991). The vitrinite reflectance for the samples examined in this study 
(approximately 0.4 to 0.6 %) only slightly increases with depth and therefore can also be disregarded 
as a control on the isotopic composition of the coals of the Walloon Subgroup of the Surat Basin.  
The shift to less negative δ¹³C values in the Upper Juandah Coal Measures is consistent for wells 
Southleigh 1 to Jordan 3 and likely represents a larger, allogenic shift (Figure 4-5). As proposed by 
Arens et al. (2000), most variations in δ13Cplant can rather be linked to changes in the carbon isotopic 
composition of atmospheric CO2, as opposed to the level of CO2. The climate during the formation 
of the Walloon coals was mainly humid, as indicated by the character of the Taroom, Tangalooma 
and Lower Juandah coals. An enrichment of atmospheric CO2 in 13C could be attributed to an 
enhancement in biological productivity, which removes CO2 from the atmosphere with preferential 
use of the light carbon during photosynthesis in the terrestrial and marine biosphere. Excessive 
capture of organic matter in marine sediments and the formation of peat mires could have then 
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resulted in a slow decrease in pCO2 towards the period of formation of the Upper Juandah coals, 
during which the environment was more arid, or at least more prone to fluctuations in water 
availability, as reflected in the coal’s maceral composition, and possibly more saline. This is 
suggested to be a factor resulting in more positive δ13C values in preserved plant material, too 
(Gröcke, 1998 and 2002). The shift to more negative δ¹³C values observed in the coals of the 
Springbok Sandstone could be a response to excessive carbon burial and a significant decrease in 
pCO2, which could lead to a drawdown in temperature. If this is a global phenomenon, the isotopic 
composition of the Springbok coals could reflect this; however, these results need to be interpreted 
carefully, since the unconformity at the base of the Springbok Sandstone represents a gap in the 
geological record.  Previously this gap was thought significant, millions of years (McKellar, 1998), 
but recent absolute age dating by Wainman et al. (2015) suggests a much shorter time frame. 
A positive carbon isotope excursion in the mid-Oxfordian (Late Jurassic) has been recognized by a 
number of researchers (e.g. Weissert and Erba, 2004; Pearce et al., 2005; Louis-Schmid et al., 2007). 
A study by Louis-Schmid et al. (2007) on carbonates from the Subalpine Basin of France and the 
Swiss Jura mountains detected a positive excursion with an amplitude of 1.5 ‰, followed by a 
turnover to relatively lower δ¹³C values, which coincides with a major change in Tethyan 
sedimentation patterns and a period of substantial rearrangement of the oceanic current systems 
induced by the establishment of a new circum global ocean passage in low latitudes. This was 
interpreted to have led to a temperature increase, resulting in high Corg production and burial and an 
intermittent decrease of atmospheric pCO2 (Louis-Schmid et al., 2007).  
Pearce et al. (2005) recognized a positive carbon isotope excursion of 3 ‰ in mid-Oxfordian fossil 
wood, which closely matches the carbon isotope data from carbonates in other European sections. 
This is suggested to confirm fluctuations in the carbon-isotope composition of the atmosphere and 
the effect on the total exchangeable carbon reservoir (Pearce et al., 2005).   
Trends in the isotope record of the coals of the Walloon Subgroup are substantial and fairly consistent 
and have the potential to serve as stratigraphic markers, since the aforementioned represent a larger, 
allogenic shift and not solely local factors. In this particular study, the isotopic composition of coal 
samples can assist in a more confident correlation of the Upper Juandah Coal Measures and coals of 
the Springbok Sandstone and can be helpful in identifying areas in which the Springbok Sandstone 
has eroded the Upper Juandah Coal Measures. In well Indy 3, the shift to more negative δ¹³C values 
that was commonly observed for samples from the Springbok Sandstone, sets in in the upper interval 
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of the Juandah Coal Measures (as defined by the exploration company; Figure 4-5); however, Indy 3 
is located on the western limb of the basin, where the Upper Juandah Coal Measures were described 
to have been eroded in their entirety (OGIA, 2014; Figure 4-2 and 4-4). The more negative isotopic 
composition of samples taken from the depth interval of approximately 139 to 163 m implies that 
these samples much rather are Springbok coals, whereas samples taken at a depth between 
approximately 190 to 257 m depth show a gradual, upward enrichment in 13C, which seems to be 
characteristic for the Juandah Coal Measures. Based on the shift in isotopic composition from less (-
21.74 ‰ at a depth of 190 m) to more negative values (-24.54 ‰ at a depth of 163 m) and sedimentary 
logging of core, the formation boundary was adjusted to approximately 171 m depth (Figure 4-6), 
where an erosive contact was identified. Samples from the underlying depth interval of 190 to 257 m 
have inertinite group macerals only in trace amounts, whereas samples from the Upper Juandah Coal 
Measures showed increased inertinite contents in all other wells. This further strengthens the 
interpretation that the Upper Juandah Coal Measures in well Indy 3 were eroded in their entirety 
(Figure 4-6).  
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Figure 4-6: W-N-SE trending cross-section through the Surat Basin including wireline logs for a 
number of wells presented in Figure 4-4 (black labels) and wireline logs for all wells examined in 
this study (red labels). Correlation of subunits in the study wells is based on the use of organic stable 
isotopes (note: boundary between Springbok Sandstone and Juandah Coal Measures was shifted to 
a depth of 171 m in well Indy 3). The stable isotope trends for all study wells are schematically shown 
in green.  
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4.7! Summary 
A substantial shift in the ocean-atmosphere carbon reservoir is the premise for the use of stable carbon 
isotopes as a correlation tool. The trend in isotopic composition recorded in the coals of the Walloon 
Subgroup in the Surat Basin represents a larger, allogenic shift, such as a shift in climate and the 
ocean-atmosphere carbon reservoir, since it does not respond to changing conditions of peat 
formation. Changes in the conditions of peat formation are indicated by the jump to increased 
inertinite contents in coals of the Upper Juandah Coal Measures, which much rather seems to be a 
delayed response to a climatic shift. Therefore, the isotopic composition of coals can be used to 
confidently correlate the Upper Juandah Coal Measures and to identify areas, in which the Springbok 
Sandstone has significantly incised these coals. It could be confirmed, that this is the case for well 
Indy 3, which is located on the western margin of the basin. The extent of the incision of the Upper 
Juandah Coal Measures, especially in the western Surat Basin, requires further research; however, 
together with chemostratigraphy, stable carbon isotopes in coals could represent a powerful 
correlation tool to test the internal architecture of highly variable coal measures, such as the Walloon 
coals of the Surat Basin.  
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This paper presents U-Pb detrital zircon geochronology data derived from LA-ICP-MS analysis of 
detrital zircon from sandstone of the Walloon Subgroup and overlying Springbok Sandstone, as well 
as their lateral equivalents in the Eromanga Basin. This study provides insight into sediment dispersal 
and provenance of these units. Maximum depositional ages were interpreted from detrital zircon data 
and approximate published CA-TIMS depositional ages of the strata. Interpreted maximum 
depositional ages were employed to test the stratigraphic relationship of the Walloon Subgroup with 
the Springbok Sandstone. This study addresses research component 2, as outlined in the ‘research 
objectives, questions and methodology’ chapter.  
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5.1! ABSTRACT 
The sources of sediment feeding the Middle to Late Jurassic Walloon Subgroup and overlying 
Springbok Sandstone in the Surat Basin, and their lateral equivalents in the Eromanga Basin, eastern 
Australia, were investigated through U-Pb geochronological analysis of detrital zircon using laser 
ablation inductively coupled plasma mass spectrometry. Our results recognised two distinctive 
detrital zircon age population trends (Trend A and B), which record extensive, syndepositional 
volcanism, as well as older detrital zircon populations from the basement rocks of eastern Australia. 
Samples from the eastern Surat Basin and stratigraphically older samples on the western margin 
(Trend A) are characterized by predominant Late Neoproterozoic (~570 Ma) and Late 
Mesoproterozoic (~1100 Ma) detrital zircon age populations, suggesting recycling from the adjoining 
Thomson Orogen. Younger strata from the western part of the study area (Trend B) have similar age 
populations to that of Trend A, but additional Early Mesoproterozoic (~1540 Ma) and Early Permian 
(~280 Ma) detrital zircon age populations, reflecting input from the Mossman and New England 
orogens.  Our results are consistent with palaeodrainage indicators (unit isopach maps and 
palaeocurrent measurements derived from borehole image logs), supporting a south-oriented multi 
channelled central system, fed by west-oriented tributaries along the eastern margin of the Surat 
Basin, that varied in response to basin subsidence during the history of the basin. In addition, 
maximum depositional age constraints interpreted from detrital zircon data approximate recently 
published ages for tuffs in the Walloon Subgroup, and illustrate significant younging of the preserved 
section from east to west of the Surat Basin. This could suggest (1) westward migration of the 
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Walloon depositional system or (2), conversely, erosion prior to the deposition of the overlying 
Springbok Sandstone.  The latter follows regional lithostratigraphic correlations and is supported by 
the change in zircon provenance between the units, as well as carbon isotopic trends in the coals.  
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5.2! Introduction 
The Surat and Eromanga basins in east Australia represent extensive, sedimentary basins that formed 
along the eastern Gondwana margin during the Mesozoic, covering portions of the Bowen Basin, 
Cooper, Galilee and Georgina basins and the Thomson Orogen, as well as the Mt Isa Province and 
the Maneroo Platform (Figure 5-1; Draper, 2002). Sedimentation within the intra-cratonic Surat (with 
some features reflecting foreland subsidence; de Caritat & Braun, 1992; Wainman et al., 2015) and 
the adjacent broader Eromanga basins began in the latest Triassic after a phase of contractional 
deformation and widespread erosion in the Middle to Late Triassic that resulted in peneplanation of 
the older basins and basement rocks of eastern Australia (Exon, 1976; Fielding et al., 1990; Korsch 
& Totterdell, 1996; Korsch et al, 2009b; Hoffman et al., 2009). Within these basins, a shift in 
provenance in the Middle to Late Jurassic, as indicated by varying petrology, suggests multiple source 
regions associated with cyclic uplift and input from a volcanic arc to the east. Associated subduction 
drove far field subsidence that declines westward from the Clarence-Moreton to Eromanga basins 
(Boult et al., 1998). Although the volcanic input would suggest eastern sources (e.g. Exon, 1976; 
Boult et al., 1998), palaeocurrent data within the Walloon Subgroup and overlying Springbok 
formations (Shields & Esterle, 2015; Bianchi et al., 2017) suggest also a northern input to the basin. 
Hence, specific source regions supplying detritus to these basins remain unclear.   
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Figure 5-1: Geological map of north-eastern Australia (modified after Jell, 2013).  
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Compared to the north-eastern margin of the Surat Basin that has extensive drilling and is a CSG 
fairway, the southern and western basin margins are underexplored. On the western basin margin, the 
Walloon Subgroup thins and passes laterally into the Birkhead Formation of the Eromanga Basin 
(Figure 5-2 and 5-3). A basin wide lithostratigraphic framework, based on wireline recognition 
criteria by Green et al. (1997) for over 5500 wells, was published by the Office of Groundwater 
Impact Assessment (OGIA, 2016).  In this interpretation, the lower coal measures thin towards the 
Nebine Ridge, and the upper coal measures are eroded at the Springbok Unconformity (Swarbrick, 
1973), before the deposition of the overlying Springbok Sandstone. 
Recently obtained radiometric ages from high precision chemical abrasion thermal ionization mass 
spectrometry (CA-TIMS) analysis of interbedded tuffs within the Walloon Subgroup from across the 
Surat Basin (Wainman et al., 2017) suggests that the Walloon Subgroup strata, if correlated correctly, 
are diachronous, and approximately 4-5 Ma younger along the western margin of the Surat Basin 
(where it is 153–150 Ma) than it is on the east (165–158 Ma).  However, when compared to the 
regional lithostratigraphy, these CA-TIMS ages could also support the interpretation of eroded 
Walloon Subgroup in the west, in which case the younger strata in the west should be correlated with 
the Springbok Sandstone (Figure 5-3).  
In order to test our understanding of sediment provenance and tectonic setting of the intracratonic 
Surat and Eromanga basins, we present new U-Pb geochronology of detrital zircon sampled from the 
Middle to Late Jurassic Walloon Subgroup and Springbok Sandstone (Figure 5-1). Maximum ages 
of detrital zircons are used to test the relationship of the Springbok Sandstone with the Walloon 
Subgroup, with focus on the western margin of the Surat Basin. This study aims to shed light on this 
matter by comparing maximum depositional ages derived from LA-ICP-MS analysis of detrital zircon 
from the Walloon Subgroup and the Springbok Sandstone on the eastern, as well as the western 
margin of the Surat Basin, where these units are laterally continuous with the Birkhead Formation 
and the Adori Sandstone of the Eromanga Basin.  
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Figure 5-2: Isopach maps of the Springbok Sandstone and the Walloon Coal Measures (Top Juandah 
Coal Measures to top Durabilla Formation). Generalized palaeoflow directions inferred from 
outcrop exposures Yago (1996), and based on borehole image log analysis Shields & Esterle (2015) 
and Bianchi et al. (2017). Size of red arrow represents relative number of palaeocurrent 
measurements by Yago (1996). Isopach maps courtesy of Dr Fengde Zhou and Office for 
Groundwater Impact Assessment (OGIA, interim report), Department of Natural Resources and 
Mines. The location of study wells and the cross section for Figure 5-3 is indicated. 
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5.3! Geological Setting  
5.3.1! Surat and eastern Eromanga basins 
The sediments of the Surat Basin partially overlie the Permo-Triassic Bowen Basin strata (Figure 5-
1b). They reach a thickness of approximately 2500m and are interpreted to have deposited during the 
late Triassic and Jurassic in fluvio-lacustrine settings, and in coastal to shallow marine settings during 
the Cretaceous (Exon, 1976; Hoffmann et al., 2009). Uncertainty surrounds the mechanisms driving 
subsidence in the Surat and adjacent Mesozoic basins. Some researchers favour mantle convection 
related to a subduction zone along the eastern margin of Australia as the driving force behind the 
subsidence of the Surat Basin (Waschbusch et al., 2009).  Subsidence has been described as generally 
linear throughout most of the Jurassic, but slightly increased during the Late Jurassic and Early 
Cretaceous (Gallagher, 1990).  
Geodynamic modelling of the Surat Basin supports the concept of subsidence driven by platform 
tilting due to mantle convection along the subducting plate margin (Waschbusch et al., 2009). Other 
workers favour a dynamic topography scenario, induced by a subducted lithospheric slab (Russel & 
Gurnis, 1994; Matthews et al., 2011). Through numerical geodynamic forward modelling, Smith et 
al. (2017) tested the impact of different subduction-related scenarios on dynamic topography. These 
workers found that the uplift pattern observed in the Springbok unconformity of the Surat Basin 
closely resembles the dynamic topography atop a tearing slab in a convergent plate margin setting. 
Gallagher et al. (1994) calculated a decrease in subsidence rates from the Clarence-Moreton Basin in 
the east to the Eromanga Basin in the west. Within the Surat, Wainman et al. (2017) suggested 
differential subsidence rates resulting in thicker Walloon Subgroup in the east of the basin, and 
asymmetry of the thickness of the unit.  
Sedimentation in the Surat Basin began in the Early Jurassic and progressed in six sedimentary cycles 
or super-sequences (Figure 5-4; Exon, 1976; Exon & Burger, 1981; Day et al., 1983; Gallagher, 
1990). Each super-sequence reflects a fining upward sequence, starting with thick, basal sandstone, 
followed by siltstone, mudstone and, at times, coal-bearing strata at the top (Figure 5-4; Hoffmann et 
al., 2009). Three of these super-sequences constitute the Early to early-Late Jurassic basin fill (Green 
et al., 1997; Hoffmann et al., 2009) and are interpreted to be second-order sequences that span 
approximately 15-25 Myr.  In the mid-Cretaceous, sedimentation stopped in the Surat Basin as a 
result of a compressional event that caused significant uplift, followed by extensive erosion of the 
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Surat and Bowen basins. Up to 1.5 km of the Surat Basin sequence was eroded from the southern 
area of the Taroom Trough, and approximately 3 km of Jurassic to Cretaceous sediment was eroded 
from northern areas (Marshallsea, 1985; Raza et al. 2009). In the Late Cretaceous, further uplift and 
southward tilting resulted in today’s outcrop pattern of the Surat Basin. 
 
Figure 5-3: Cross-section through the Surat Basin, highlighting thinning of the Walloon Subgroup in 
its western extreme. The datum of the section is the top of the Westbourne Formation (courtesy of 
Renate Sliwa; OGIA 2016). 
 
5.3.2! Stratigraphy  
The Walloon Subgroup is part of the second sedimentary cycle in the Surat Basin, commonly referred 
to as the K-supersequence (Figure 5-4; Hoffmann et al., 2009). The K-supersequence began with the 
deposition of a thick, amalgamated sandstone unit (the Hutton Sandstone) that fines upward into the 
Walloon Subgroup (Exon, 1976; Hoffmann et al., 2009). Based on different proportions of coal and 
sandstone, the Walloon Subgroup is subdivided (in younging order) into the Durabilla Formation 
(approximately 168-165 Ma; Wainman et al., 2017), the Taroom Coal Measures, the Tangalooma 
Sandstone and the Lower and Upper Juandah Coal Measures (Jones & Patrick, 1981; Scott et al., 
2007; Hamilton et al., 2014).  
Based on palynological analysis, the Walloon Subgroup was suggested to be Bathonian to Callovian 
in age (Middle Jurassic; 168-164 Ma), and the Springbok Sandstone to be Oxfordian (Late Jurassic; 
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164-157 Ma; McKellar, 1998). Radiometric ages from high precision CA-TIMS analysis of tuffs 
within the Walloon Subgroup on the eastern side of the Surat Basin suggest Callovian to Oxfordian 
(Middle – Late Jurassic; 165-158 Ma) deposition (Figure 5-4; Wainman et al., 2015).  Further CA-
TIMS tuff dating across the Surat Basin (Wainman et al., 2017) suggests that the Walloon Subgroup 
(if truly Walloon Subgroup) is diachronous, and approximately 4-5 Ma younger along the western 
margin of the Surat Basin (where it is 153–150 Ma) than it is on the east (165–158 Ma). 
With some modifications, the original lithostratigraphic subdivisions of the Walloon Subgroup (Jones 
& Patrick, 1981; Scott et al., 2007; Hamilton et al., 2014) were followed by OGIA (2016) and applied 
in this study (Figure 5-4). In a new regional lithostratigraphic model by OGIA (2016), the thickness 
of the Walloon Subgroup (Figure 5-2 and 5-3) is controlled by westward thinning of the Taroom Coal 
Measures, as well as erosion of the more sand-rich Upper Juandah Coal Measures prior to deposition 
of the overlying Springbok Sandstone (Sliwa & Fraser, 2004; Hamilton, 2007; Sliwa & Esterle, 
2008). The Tangalooma Sandstone, a unit that is laterally discontinuous and variable in its character 
and composition, is potentially the only part of the Walloon Subgroup that is continuous with the 
Birkhead Formation found in the west (OGIA, 2016). 
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Figure 5-4: Stratigraphy of the Surat Basin (modified after McKellar, 1998). Chronostratigraphy 
after McKellar (1998), adjusted by Wainman et al. (2015); CA-TIMS ages from Wainman et al. 
(2017). Sedimentary cycles after Hoffmann et al. (2009); Stratigraphic subdivision of the Walloon 
Subgroup used in this study after OGIA (2016). 
The Springbok Sandstone (<153 Ma; Wainman et al., 2017) was named and defined as the Springbok 
Sandstone Lens by Exon (1966). With the discovery of its full extent, it was first renamed the 
Springbok Sandstone Member (Exon, 1967) and then the Springbok Formation (Power & Devine, 
1968). Though first described as having a conformable base (Exon, 1976), fluvial incision at the base 
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of the Springbok Sandstone, which corresponds with the onset of a new depositional cycle (L-
supersequence; Hoffmann et al., 2009) in the Surat Basin, has been recognised from well-log 
correlation (Green et al., 1997; Sliwa & Fraser, 2004; Hamilton, 2007; Sliwa & Esterle, 2008; OGIA, 
2016) and is identifiable on seismic surveys (Hoffmann et al., 2009).  The heterolithic Walloon 
Subgroup has low average resistivity and high gamma-ray values, whereas the coarse-grained, coal-
free basal Springbok has a relatively low gamma-ray and high resistivity signature (Figure 5-3; Green 
et al., 1997; OGIA, 2016). Based on wireline signatures that reflects composition and bedding, the 
Springbok Sandstone can be subdivided into a relatively massive to thickly bedded, conglomeratic to 
quartzose basal unit, and an upper unit that consists of a series of stacked fining upwards sequences 
(Figure 5-4).  The Springbok Sandstone does contain thin coals, with similar maceral composition to 
the Upper Juandah Coal Measures (Scott et al., 2007), making the units commonly difficult to 
distinguish.  A test of regional correlations of the Walloon Subgroup and Springbok Sandstone is 
difficult due to a lack of conventional stratigraphic markers. Hentschel et al. (2016a; 2016b) 
conducted a detailed petrographic and isotopic study of the Walloon coals and detected an excursion 
in carbon isotopic composition to less negative values within the Juandah Coal Measures, which 
follow a global trend recorded in Oxfordian sediment.  This trend was used to test correlation of the 
Springbok Sandstone in the western part of the basin, where it is interpreted to be unconformable 
with the underlying Walloon Subgroup.  
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5.4! Previous studies and their implications for the provenance of the Walloon 
Subgroup  
Most sediment dispersal studies of the Surat Basin sediments are based on petrographic 
characterisation of minerals and lithics present in these rocks (e.g. Hawlader, 1990), commonly in 
combination with the interpretation of palaeocurrent measurements from surface exposures (e.g. 
Yago, 1996; Figure 5-2), and, more recently, subsurface image log data (e.g. Shields & Esterle, 2015; 
Bianchi et al., 2017; Figure 5-2).  
Variation in sandstone composition within individual basins often reflects changes in tectonic setting 
throughout time (Dickinson, 1985). Sandstones derived from stable cratons in the continental interior 
or passive platforms are typically quartzose. Quartzo-feldspathic sands are derived from rift shoulders 
through basement uplift. Sandstones rich in feldspar and volcanic lithics are commonly sourced from 
magmatic arcs, whereas quartzose sands with abundant lithics are typical for recycled orogens along 
subduction complexes or fold-thrust belts (Dickinson, 1985). The sediments of the Surat Basin were 
described to be either predominantly quartzose, or labile and containing volcanic lithic fragments 
(e.g. Exon, 1976; Hawlader, 1990). Based on this observation, multiple source regions have been 
suggested. The presence of volcanic fragments and montmorillonite has prompted many authors to 
suggest that volcanism related to a subduction zone along the eastern margin of Australia occurred 
during the Jurassic (Exon, 1976; Veevers, 1984; Hawlader, 1990; Boult et al., 1998; Hoffmann et al., 
2009). The abundance of tuff layers within the Walloon Subgroup is clear evidence of syndepositional 
volcanism (e.g. Exon, 1976; Boult et al., 1998). Exon (1976) suggested recycling from the 
southwestern block, which comprises sedimentary rocks, metasediments, schists, gneisses and 
granites; as well as recycling from the Auburn Arch and Yarraman Block (New England Orogen), 
which consist of granite and gneiss (Figure 5-1a and b). 
Hawlader (1990) identified cyclicity of the quartzose (>50% quartz) and the labile (<50% quartz) 
petrofacies in the Surat Basin. The quartzose facies is characterised by mainly plutonic quartz, high 
K-feldspar to total feldspar ratios, increased kaolinite content and only minor smectite, mixed-layer 
smectite-illite and chlorite. The labile facies contains smectite, mixed layer smectite-illite, but only 
minor kaolinite. While the quartzose facies is presumably derived from the continental interior 
(westerly/south-westerly source), Hawlader (1990) interpreted the labile sandstone facies to be 
indicative of the presence of a volcanic arc. The two petro-facies interfinger with each other, possibly 
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due to waxing and waning phases of the volcanic arc (Hawlader, 1990). During waning phases, influx 
of quartz-sandstones, derived from the gently rising craton to the west-southwest, occurred; during 
waxing phases of magmatism and orogeny, the andesitic arc shed volcanic sediment into the foreland 
basin, which was accompanied by foreland subsidence (Hawlader, 1989). These petro-facies were 
deposited in cycles, roughly following the sedimentary cycles described in Hoffmann et al. (2009). 
Each cycle begins with the deposition of craton-derived, quartzose sandstones, which were typically 
deposited in fluvial environments. The cycle continues with deposition of finer-grained, 
volcanoclastic-rich sandstones, which are often associated with tuffs, carbonaceous mudstones and 
coals (Veevers, 1984; Hawlader, 1990; Waschbusch et al., 2009). It was suggested that the foreland 
and arc acted in synchrony, with foreland subsidence during times of orogeny and rise of the foreland 
during quiescence of the arc, which was presumably dissected during the latter (Jones & Veevers, 
1983; Hawlader, 1990). Hawlader (1990) also describes the quartzose Hutton Sandstone (Middle 
Jurassic) as craton-derived, whereas the overlying Walloon Subgroup, as well as the Springbok 
Sandstone (both Late Jurassic) were described as arc-derived. If true, detrital zircon from the 
sandstone samples should have different age patterns.   
The Early Cretaceous Surat Siltstone and Griman Creek Formation in the Surat Basin (Figure 5-4) 
record signs of active, syndepositional volcanism in their petrology as well, but their composition 
reflects that of the Whitsunday Volcanic Province (Bryan et al., 1997). These units record a major 
volcanic episode between 125 and 105 Ma, which many authors link to extension and rift-related 
siliceous large igneous province volcanism, rather than the presence of a long-lived volcanic arc (e.g. 
Bryan et al., 1997; 2000; 2012; Veevers et al., 1997, Veevers, 2000a; 2000b; Bryan & Ernst, 2008; 
and Bryan & Ferrari, 2013).  
Analysis of subsurface image logs (Figure 5-2; references therein) from the Walloon Subgroup 
suggests palaeoflow toward the south and west along the north-eastern basin margin. In the north, 
palaeoflow appears to be toward the south, suggesting that the Nebine Ridge was a positive 
topographic feature at the time (Shield & Esterle, 2015). Southward palaeoflow, as observed near the 
Kumbarilla Ridge, suggests that the Surat Basin was open to the Clarence-Moreton Basin (Figure 5-
2; Shields & Esterle, 2015). This interpretation suggests a north/north-easterly sediment source. 
Similar to the provenance of its sediments, the source of the tuffs within the Walloon Subgroup has 
been a subject of debate. Yago (1996) proposed an intra-basinal source, confined to the area between 
the Maryborough and the southernmost Clarence-Moreton Basins. Yago & Fielding (1996) interpret 
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the co-occurring accumulation of the tuff-containing Walloon Coal Measures and the emplacement 
of mafic intrusions in New South Wales, Tasmania and West Antarctica as a record of the early rifting 
stages of the south-eastern plate margin. Wainman et al. (2015) suggested the tuffs within the Walloon 
Subgroup to be derived from rift-related bi-modal volcanism on the Marion Plateau east of 
Queensland, intraplate volcanism of the Wellington Muswellbrook Narrabbri region of north-eastern 
New South Wales, or volcanic centres to the northeast of the Clarence-Moreton Basin (after Yago 
1996). Based on trace element analysis, Sammons (2015) suggested that the tuffs of the Walloon Coal 
Measures are derived from an andesitic arc system. Decreased tuffaceous input toward the northwest 
of the Surat Basin (Ryan et al., 2012) may suggest an easterly volcanic source. An easterly volcanic 
source is supported by mineralogical study of the Springbok Sandstone (Bein, 2016; Bianchi et al., 
in prep.). These findings show an increase in volcanic lithics from west to east in the Surat Basin, as 
well as a decrease in metamorphic lithics toward the east. Based on palaeoflow direction and sediment 
composition, Bein (2016) also suggested recycling from a northerly source, in particular, the Anakie 
Metamorphics of the Anakie Inlier (Cambrian, Thomson Orogen; Withnall et al. 1996; Fergusson et 
al., 2001) and older volcanic terranes, such as the Fork Lagoon Beds of the Anakie province 
(Ordovician, Thomson Orogen, Fergusson et al., 2007), Greybank Volcanics and/or the Bimurra 
Volcanics (both Devonian, Anakie province, Thomson Orogen; Mawson & Talent, 2003; Jell, 2013). 
If these different terrains are being recycled, then it should be possible to observe similar age 
populations in the detrital zircons.  
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5.5! Methodology 
5.5.1! Sampling and sample preparation for U-Pb geochronological analysis of detrital zircon 
Jurassic sandstone samples were collected from two wells in the Surat Basin and one well in the 
adjacent Eromanga Basin. The wells span a section from the eastern margin of the Surat Basin across 
to the Roma Shelf and the western side of the basin, across the Nebine Ridge and into the Eromanga 
Basin (Figure 5-1 and 5-2; and Table 5-1). Sampled formations include the Walloon 
Subgroup/Birkhead Formation and underlying Hutton Sandstone, as well as the overlying 
Springbok/Adori Sandstone. Eleven sandstone samples yielded enough detrital zircon grains for 
statistically robust detrital zircon age analysis.  
Sandstone samples (approximately 1 kg each) were crushed and milled in a disc mill and sieved using 
a 500 µm mesh. The crushed material was washed and decanted repeatedly to remove clays. The 
samples were then dried overnight at 60 °C, and magnetic separation was conducted using a Frantz 
magnetic separator. Heavy minerals were separated using MEI (methelyene iodide) heavy liquid. 
Zircon grains were picked (30 – 200 grains) from the non-magnetic heavy mineral separates and 
mounted in non-reactive epoxy resin. The mounted grains were polished to expose their inner 
sections, and imaged using both transmitted light (Zeiss AxioImager M2M microscope).  
Table 5-1: Overview of well locations, as well as number of samples analysed. 
 
 
 
 
 
 
Map 
reference Well name Basin Latitude Longitude LA-ICP-MS 
1 Mitchell 1 Eastern Eromanga Basin -26.414105 147.117805 3 samples 
2 Indy 3 Western Surat Basin -26.250803 148.522008 4 samples 
3 Chinchilla 4 Eastern Surat Basin -26.727316 150.201792 4 samples 
    Total 11 samples 
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5.5.2! U-Pb detrital zircon geochronology (LA-ICP-MS) 
Isotope data were obtained using an Agilent 8800 Laser Ablation Inductively Coupled Plasma Mass 
Spectrometer at the Queensland University of Technology. Data acquisition of 17 isotopes involved 
25 s of background measurement followed by 27 s of sample ablation in a He/Ar (CN) atmosphere 
using a beam diameter of 30 mm. A firing rate of 6 Hz and sample fluence of about 0.6 mJ/cm2 was 
used from an ESI New Wave Excimer Laser system with Trueline cell. A total dwell time for the 17 
isotopes was 0.4 s, so that an ablation produced about 70 individual analyses. The 206Pb, 207Pb, 208Pb, 
238U and 232Th masses necessary for age calculation were counted for half the analytical time (0.04 s 
per mass). Their ratios were calibrated against Temora2 (416.78 ± 0.33 Ma; Black et al., 2004) and 
assessed using the Plesovice zircon (337.13 ± 0.37 Ma; Slama et al., 2008) as a secondary standard. 
In addition to Pb, U and Th concentrations, elemental concentrations were determined from the 
following isotopes: 31P, 49Ti, 89Y, 91Zr, 139La, 140Ce, 141Pr, 146Nd or 147Sm, 153Eu, 163Dy, 175Lu and 
178Hf. The NIST SRM 610 glass standard was used to calculate trace-element concentration using Si 
as an internal standard and assuming a stoichiometric concentration of 32.8 wt % Si in zircon.  
Data were processed using Iolite software (Paton et al., 2011), and error correlation was done 
according to Ludwig (2003). Intervals of an ablation were automatically selected based on Si signal 
and then visually edited to exclude, where possible, obvious inclusions based on P, Ti and La 
concentration patterns. For isotopic compositions that represent ages that are younger than 900 Ma, 
concordance is taken to be age agreement within propagated 2 standard error uncertainty (Paton et 
al., 2010) for 206Pb/238U and 207Pb/235U ages. For isotopic compositions that represent ages that are 
older than 900 Ma, 207Pb/206Pb are reported for the concordant grains. The percent common Pb and 
common Pb corrected ages were calculated following the method described in Bryan et al. (2004). 
This method of correction assumes that 206Pb/238U, 207Pb/235U, 208Pb/232Th and 207Pb/206Pb should 
yield the same age in a closed, totally radiogenic system. Common Pb corrected ages are only 
considered for grains <900 Ma simply because most discordance among older zircon grains is caused 
by Pb loss, not common Pb.  
The ‘selected’ age for an analysis was determined as follows: for grains less than 900 Ma, if both the 
corrected and uncorrected 206Pb/238U ages were deemed concordant, the one closest to concordia was 
selected, excluding grains with more than 2% of all 206Pb calculated as common. Data were 
disregarded for plotting if they had extraordinary trace element concentrations indicating the likely 
presence of inclusions: P >1000 ppm, Ti >90 ppm or La >10 ppm. During four analytical sessions, 
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the Plesovice zircon produced concordant 206Pb/238U ages (Table 5-2) that give confidence that 
accurate results have been obtained for populations using our fits to the primary standard (Temora-
2). The population uncertainties are 2 std. error.  
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5.6! Results 
5.6.1! Detrital zircon geochronology (LA-ICP-MS) 
A total of 1279 new U-Pb concordant ages were obtained from 1752 grains across 11 samples from 
the Surat and Eromanga basins, which are Middle Jurassic (Hutton Sandstone; McKellar, 1998) to 
Late Jurassic (Springbok Sandstone and Walloon Subgroup; McKellar, 1998; Wainman et al., 2015, 
2017) in age. Detailed information on individual samples, analyses, and isotopic composition data 
are provided in Tables 5-1 and 5-3, and the supplementary material. 
Table 5-2: 206Pb/238U ages of Plesovice zircon obtained during four analytical sessions, as well as 
MSWD and number of grains analysed.  
Session 206Pb/238U age MSWD Number of grains 
1 332.2±3.9 0.56 36 
2 336.1±1.9 1.09 54 
3 338.0±2.6 1.50 37 
4 342.5±1.8 1.90 54 
 
5.6.2! Youngest detrital zircon ages 
The youngest detrital zircon age for each sample was determined by applying the different methods 
outlined in Dickinson & Gehrels (2009). The calculated ages of the Jurassic samples were compared 
to ages derived from CA-TIMS analysis of tuff samples from the Walloon Subgroup (Sammons, 
2015; Wainman et al., 2015, 2017). The ‘youngest single grain’ (YSG) and the ‘youngest detrital 
zircon age’(YDZ) method commonly provided ages younger than the depositional age (as defined by 
the tuff dates), whereas the ‘youngest graphical peak’ (YPP) and the ‘youngest 2σ grain cluster’ 
methods (Dickinson & Gehrels, 2009) often provided ages older than the depositional age. The 
weighted mean age (±1σ incorporating both internal analytical error and external systematic error) of 
the youngest cluster of two or more grain ages (n≥2) overlapping in age at 1σ (YC1σ) closely match 
published CA-TIMS ages for the Jurassic Walloon Subgroup (from Sammons, 2015; Wainman et al., 
2015, 2017), and in order to be consistent will be used throughout this study (Table 5-3), except for 
the Hutton Sandstone sample from Chinchilla 4.   
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Table 5-3: Sample information, number of concordant ages (n) and total analyses (N), as well as 
youngest grain cluster (YC1σ) after Dickinson & Gehrels (2009). *Note: Youngest detrital zircon age 
of the Hutton Sandstone sample from Chinchilla 4 was determined using YDZ method after Dickinson 
& Gehrels (2009). Quoted uncertainty is 1 std. error.  
Applying the YC1σ method for the Hutton Sandstone sample from Chinchilla 4 did not yield a 
Jurassic youngest detrital zircon age (Appendix E). Therefore, another strategy to approximate 
depositional age had to be adopted for this sample. The YDZ method provided a realistic maximum 
depositional age constraint for this sample near the top of the Hutton Sandstone, which is Middle 
Jurassic (169+7-8 Ma), and slightly older than the overlying Durabilla Formation (168-165 Ma; 
Wainman et al., 2017). This also appears similar in age to the lowermost Birkhead sample in Mitchell 
1 (169 ±3.4 Ma; Table 5-3).  
The Tangalooma Sandstone samples from both Indy 3 and Chinchilla 4 have Late Jurassic maximum 
depositional ages (157 ±3.2 and 157 ±4.2 Ma; Oxfordian; Table 5-3). The basal and upper Springbok 
Sandstone in Chinchilla 4 range from approximately 151 ±4.2 to 142 ±1.9 Ma in age (Late Jurassic – 
Early Cretaceous) and match the youngest ages of the Juandah Coal Measures and Springbok 
Sandstone in Indy 3, which range from 152 ±2.8 to 141 ±4.2 Ma as well. The upper Birkhead 
Well Basin Formation Sample depth (m)  (n/N) YC1σ (Ma) 
Mitchell 1 Eastern Eromanga 
Adori Sandstone 337.20 183/200 154 ±4.3 
Birkhead Formation 362.22 109/131 153 ±4.1 
Birkhead Formation 488.08 53/118 169 ±3.4 
Indy 3 Western Surat 
Springbok Sandstone 131.00 148/197 141 ±4.2 
Juandah Coal Measures 190.11 145/199 152 ±2.8 
Juandah Coal Measures 236.29 134/200 151 ±1.8 
Tangalooma Sandstone 276.87 147/198 157 ±3.2 
Chinchilla 4 Eastern Surat 
Springbok Sandstone 270.03 66/117 142 ±1.9 
Springbok Sandstone 344.60 148/205 151 ±4.2 
Tangalooma Sandstone 571.29 120/157 157 ±4.2 
Hutton Sandstone 727.50 26/30 169+7-8* 
Total Surat and Eromanga basins 1279/1752 
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Formation, as well as the Adori Sandstone sample from Mitchell 1 is of Late Jurassic age (154 ±4.3 
and 153 ±4.1 Ma; Tithonian).  
  
5.6.3! Detrital zircon age spectra 
The Middle Jurassic sample from the Hutton Sandstone (Chinchilla 4; n=26) comprises 
predominantly Early Neoproterozoic (39%) and Late Neoproterozoic (43%) aged detrital zircon 
grains, with major population peaks observed at ~570 Ma and ~880 Ma (Figure 5-6). The detrital 
zircon age spectra of the Middle to Late Jurassic Adori Sandstone and Birkhead Formation samples 
in the eastern Eromanga Basin, and the Springbok Sandstone and Walloon Subgroup in the Surat 
Basin also have similar age spectra and relative proportions. The prominent detrital zircon component 
is Jurassic (40 %) and Late Neoproterozoic (12 %), with major peaks observed at ~170 Ma and ~570 
Ma respectively. Additional minor age population peaks are observed at ~880 Ma (Early 
Neoproterozoic) and ~1100 Ma (Late Mesoproterozoic). In contrast, the stratigraphically older 
sample from the Juandah Coal Measures (236.29m) contains mainly Jurassic grains (82%), with a 
major peak at ~170 Ma.  
Early Permian (~280 Ma; 4 %) and Early Mesoproterozoic (~1540 Ma; 6 %) detrital zircon 
populations were detected exclusively in some of the younger Surat and Eromanga basin samples, 
but are absent in others. Based on this observation, the samples have been split into two groups 
(Trends A and B; Figure 5-7), and data of corresponding samples within each group were merged. 
Merging data of samples that are genetically linked was previously demonstrated to minimize the 
effect of natural variation that occurs in the proportion of ages, and thus to lead to a more accurate 
representation of the overall age spectra of the succession (Shaanan et al., 2017). Samples that belong 
to Trend A are from the Springbok Sandstone, the Tangalooma Sandstone of the Walloon Subgroup 
and the Hutton Sandstone in Chinchilla 4 in the eastern Surat Basin, Tangalooma Sandstone in Indy 
3 in the western Surat Basin and the lower Birkhead Formation in Mitchell 1 in the eastern Eromanga 
Basin. Samples that belong to Trend B are from the Adori Sandstone and the upper Birkhead 
Formation in the Mitchell 1 well in the eastern Eromanga Basin, as well as from the Springbok 
Sandstone and the Juandah Coal Measures in the Indy 3 well on the Roma Shelf in the western Surat 
Basin. The lower sample from the Juandah Coal Measures in Indy 3 could not be assigned to Trend 
A or B, due to predominantly Jurassic detrital zircon ages and an absence of older grains. 
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Figure 5-5: Detrital zircon ages for individual samples. Yellow boxes behind numerals represent 
relative proportions per samples. 
  
 
 
133 
 
Figure 5-6: Kernel density estimates (a) and cumulative proportions (b) of detrital zircon ages from 
the Middle Jurassic Hutton Sandstone (1), the Late Jurassic Walloon Subgroup, as well as their 
lateral equivalent in the Eromanga Basin; the Birkhead Formation (2), and the Late Jurassic Adori 
Sandstone and Springbok Sandstone (3). 
T  
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Figure 5-7: Cumulative proportion curves for all Surat and Eromanga Basin samples. Vertical trends 
indicate intense peaks and horizontal ones, age absences. Only detrital zircon ages older than 252 
Ma years (Permian and older) are displayed, so that comparison of detrital zircon age spectra of 
samples presented in this study and the Tasmanides can be made. Based on their different detrital 
zircon age spectra, all samples (except for the lower sample from the Juandah Coal Measures in Indy 
3, which had mainly Jurassic-aged zircon) were grouped into two trends, (a.) Trend A and (b.) Trend 
B. Only samples with n>25 are displayed. 
rend A is composed of age population peaks in the Jurassic (~170 Ma; 31%) and older populations of 
Late Neoproterozoic (~570 Ma; 20%), Early Neoproterozoic (~880 Ma; 13%) and Late 
Mesoproterozoic age (~1100 Ma; 4%; Figures 5-5, 5-6 and 5-10). Major population peaks observed 
in Trend B are Jurassic (~170 Ma; 36%), Late Neoproterozoic (~570 Ma; 9%) and Late 
Mesoproterozoic (~1100 Ma; 10%), but additional population peaks observed are Early 
Mesoproterozoic (~1540 Ma; 6%), and Early Permian (~280 Ma; 4%).  
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To investigate the pre-Permian-age source regions for the Middle to Late Jurassic strata of the 
Eromanga and Surat basins, Trends A and B are compared with ages derived from the eastern 
Australian Tasmanides (mainly Permian and older; Shaanan et al., 2017, and references therein). All 
ages younger than Permian were excluded from Figures 5-7, 5-8 and 5-10, and the remaining ages 
were normalised and plotted as cumulative proportions. Figure 5-8a shows cumulative proportions 
for Trend A and B in comparison with cumulative proportions for the Tasmanides (after Shaanan et 
al., 2017, and references therein). Figure 5-8b, c, and d show normalised age splits (b: 800-252 Ma; 
c: 1400-800 Ma; d: >1400 Ma) for Trends A and B, compared to the different domains of the 
Tasmanides. Dissecting detrital age spectra according to specific time spans enables one to examine 
the consistency between specific age populations, but is appropriate only for datasets and cases where 
each time period constitutes a sufficient number of analyses to be independently examined. Cut-off 
points in the timeline were chosen at periods of absence of ages in the Tasmanides (Shaanan et al., 
2017). 
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Figure 5-8: Detrital zircon age spectra of trend A and B, as well as the different domains of the 
Tasmanides for comparison (data and cut-off points are after Shaanan et al. 2017) and references 
therein). a) cumulative proportion curves for ages that are Permian or older. b) cumulative 
proportion of ages that are < 800 and > 252 Ma. c) cumulative proportion of ages that are < 1400 
and > 800 Ma. d) cumulative proportion of ages that are > 1400 Ma. 
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5.7! Discussion 
5.7.1! Maximum depositional ages and their implications for the current stratigraphic framework 
of the Walloon Subgroup 
Maximum depositional ages were determined by applying the ‘youngest 1σ grain cluster’ method of 
Dickinson & Gehrels (2009), as this style of age determination provided the best match to the CA-
TIMS ages of the tuffs of the Walloon Subgroup (Table 5-3 and Figure 5-9; summarised in Wainman 
et al., 2015, 2017). Limited CA-TIMS depositional ages for the Springbok Sandstone east of the 
Hutton Wallumbilla Fault have been published thus far (<153 Ma; Wainman et al., 2017), placing the 
Springbok Sandstone in the Kimmeridgian – Tithonian of the Late Jurassic. The Walloon Subgroup 
on the eastern side of the basin was determined to be deposited between 165–158 Ma (Callovian of 
the Middle Jurassic – Oxfordian of the Late Jurassic) through CA-TIMS dating of tuffs (Wainman et 
al., 2015; 2017). Accordingly, the hiatus at the unconformable base of the Springbok Sandstone could 
be approximately 5 Myr in duration and the Hutton Sandstone, the unit underlying the Walloon 
Subgroup, should be older than 165 Ma (Callovian of the Middle Jurassic and older). 
In this study, we estimate the depositional age near the top of the Hutton Sandstone based on 
“youngest detrital zircon age’ (YDZ; Dickinson & Gehrels, 2009) to be approximately 169 +7-8 Ma 
(Middle Jurassic) for the sample from the eastern side of the Surat Basin (Chinchilla 4; Table 5-3 and 
Figure 5-9). This result is realistic, considering depositional ages of between 165-158 Ma of the 
overlying Walloon Subgroup (Sammons, 2015; Wainman et al., 2015, 2017). Maximum depositional 
ages (from LA-ICP-MS analysis) for the Tangalooma Sandstone in Indy 3 (western Surat Basin) and 
Chinchilla 4 (eastern Surat Basin) are consistent (157 Ma) in the samples of this study and 
approximate the depositional age of the Walloon Subgroup based on CA-TIMS dating of volcanic 
tuffs (165 – 158 Ma; Sammons, 2015; Wainman et al., 2015, 2017), albeit slightly younger by the 
LA-ICP-MS method. Youngest detrital zircon ages of the basal and upper Springbok Sandstone vary 
between 151 and 141 Ma (Chinchilla 4, east of Hutton-Wallumbilla Fault; Table 5-3, Figure 5-9). 
Maximum depositional age constraints from the Springbok Sandstone and the Juandah Coal Measures 
in Indy 3, west of the Hutton-Wallumbilla Fault, plot within a range of 151–141 Ma as well, and are 
therefore significantly younger than the Walloon Subgroup on the eastern side of the Surat Basin 
(Table 5-3 and Figure 5-9). Wainman et al. (2017) proposed that deposition of the Walloon Subgroup 
was diachronus across the Surat Basin due to increased subsidence east of the Burunga-Leichardt, 
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Wambo, Goondiwindi-Moonie fault system (Figure 5-1b). This could be the case, but an alternative 
interpretation is that the Walloon Subgroup pinched out progressively westward, and the strata on the 
western side of the basin are correlative with the Springbok Sandstone.  
Hentschel et al. (2016b) tested the stratigraphic framework for the Walloon Subgroup, as proposed 
by OGIA (2016), by conducting a carbon isotope study of the Walloon coals. A significant positive 
excursion in isotopic composition, with a turning point coinciding with the Springbok Unconformity, 
was used as an indicator to test and adjust estimates of erosional extent of the Walloon Subgroup in 
Indy 3 (Hentschel et al., 2016b) and Pleasant Hills 25 (Figure 5-2). Thus, the coals within the 
Springbok Sandstone were possibly mistaken for the coals of the Upper Juandah Coal Measures in 
these wells. This conclusion is also supported by significantly younger detrital zircon ages of the 
associated sandstones from this study. However, no clear evidence, such as angular disconformity or 
thick, stacked channelised sandstones, for a more pronounced incision of the Walloon Subgroup in 
the west are observed in the wireline data (Figure 5-9). An alternative interpretation is depositional 
thinning and gentle peneplanation of the Upper Juandah Coal Measures on the Roma Shelf, rather 
than extensive incision. On examination of core from Indy 3 and Pleasant Hills 25 (Figure 5-2), 
siderite palaeosoils, overlain by erosively based, coarse sandstone containing siderite and mud rip-up 
clasts were commonly observed at the suspected Springbok Unconformity. Further investigation into 
the age constraints and stratigraphy west of the Roma Shelf and across the Nebine Ridge into the 
Eromanga Basin, is required to corroborate this interpretation. 
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Figure 5-9: Correlation of wells, spanning from W-E, displaying youngest LA-ICP-MS ages (this 
study) and open-file CA-TIMS age dates from Wainman et al. (2017). Formation tops were 
determined based on wireline logs. Springbok unconformity in Indy 3, Pleasant Hills 25 and 
Chinchilla 4 was adjusted based on stable carbon isotopic trends in coal (as outlined in Hentschel et 
al. (2016b). BSS=basal Springbok Sandstone, UJCM=Upper Juandah Coal Measures, 
LJCM=Lower Juandah Coal Measures, TSS=Tangalooma Sandstone, UTCM=upper Taroom Coal 
Measures, LTCM=lower Taroom Coal Measures. 
 
5.7.2! Syndepositional volcanism along the eastern Gondwana margin 
Abundant Jurassic zircon grains in the Late Jurassic Walloon Subgroup (Birkhead Formation in the 
Eromanga Basin) and Springbok Sandstone (Adori Sandstone) record extensive syndepositional 
volcanism (Figure 5-5 and 5-6). The population of younger grains (44% of all grains analysed) spans 
a range from 237 Ma (Late Triassic) to 136 Ma (Early Cretaceous). The sample from the Hutton 
Sandstone in Chinchilla 4 (deposited in the Middle Jurassic) has a significantly different, mainly 
Neoproterozoic detrital zircon signature (Figure 5-5 and 5-6), with only two grains of Jurassic age 
(168.3 Ma and 178.4 Ma).  This finding suggests a sparsity of magmatism during this time, but these 
results need to be further validated. With the paucity of Jurassic magmatic rocks known in east 
Australia, the source of volcanic ash in the Surat Basin and especially within the Walloon Subgroup 
remains unclear. Looking farther afield from the Surat Basin, Jurassic zircon grains were found in the 
Waipapa Group of the Waipapa Terrane in New Zealand, which is contemporaneous (Late Jurassic) 
with the Walloon Subgroup (Adams et al., 2007). Adams et al. (2007) suggested that the source was 
an isolated, offshore volcanic environment, which could now lie in the Lord Howe Rise.  
The younger Surat Siltstone and Griman Creek Formation in the Surat Basin (Figure 5-4) record 
syndepositional volcanism of the Whitsunday Volcanic Province in their petrology (Bryan et al., 
1997). These rocks record a major volcanic episode between 125 and 105 Ma (Early Cretaceous), 
which was suggested to be linked to extension and rift-related siliceous large igneous province 
volcanism (Bryan et al., 1997, 2000, 2012; Veevers et al., 1997; Veevers, 2000a, 2000b; Bryan and 
Ernst, 2008; Bryan and Ferrari, 2013). Our results indicate a relatively continuous Late Triassic to 
Early Cretaceous age distribution for detrital zircon in the Late Jurassic Surat Basin and Eromanga 
Basin strata (Figure 5-5 and 5-6), consistent with the findings of detrital zircon analysis of the mid-
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Cretaceous Winton and Mackunda formations in the Eromanga Basin, as reported in Tucker et al. 
(2016). Our results further support the existence of long-lived magmatism along the eastern margin 
of Australia related to westward-dipping subduction system.  
 
5.7.3! Detrital zircon geochronology and implications for provenance 
Late Neoproterozoic (~570 Ma) and Late Mesoproterozoic (~1100 Ma) zircons from Trend A suggest 
input into the Surat Basin from the Thomson and Delamerian orogens (Figure 5-8 and 5-10). These 
detrital zircon age spectra are characteristic for the northerly lying Greenvale and Barnard provinces, 
but also occur in the other surface exposures of the Thomson Orogen, namely the Anakie and Charters 
Towers provinces (Shaanan et al., 2017). Middle to Late Permian (273-252 Ma) detrital zircon 
populations are coeval with the Hunter-Bowen Orogeny; a contractional event, causing the formation 
of a major retroforeland thrust belt in the New England Orogen, and the development of a major 
foreland basin phase to the west in the Bowen and Gunnedah Basins (Korsch et al., 2009a; Hoy & 
Rosenbaum, 2017).  The New England Orogen consists of extensive plutons of granodiorite to granite 
plutons, which were emplaced in the Auburn Subprovince, Yarrol Province and Wandilla Province 
(Jell, 2013; chapter 5; Figure 5-11), while evidence of the Hunter-Bowen in the Mossman Orogen is 
confined to the Hodgkinson Province (Jell, 2013; chapter 4; Figure 5-11). Detrital zircon ages of ~880 
Ma (Early Neoproterozoic) are uncommon in east Australia’s Tasmanides (Figure 5-10), but are 
abundant in all samples grouped into Trend A (13%). These detrital zircon ages could represent 
lithospheric extension, which probably is related to the initiation of Rodina rifting, which was 
suggested to have commenced around ~850 Ma in eastern Australia (Cawood, 2005).  
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Figure 5-10: Time space diagram for Trend A and B, as well as the Tasmanides, showing 
predominant detrital zircon populations. Detrital zircon ages of the Tasmanides from Shaanan et al. 
(2017) and references therein. 
The proportion of detrital zircon grains of Late Neoproterozoic (~570 Ma) and Late 
Mesoproterpozoic (~1100 Ma) age observed in Trend B is also consistent with that of the age spectra 
of the Thomson and Delamerian orogens (Figure 5-8 and 5-10). Assuming a predominantly south-
oriented palaeoflow during the deposition of the Walloon Subgroup and Springbok Sandstone 
(Shields & Esterle, 2015; Bianchi et al., 2017), the Pacific Gondwana component in our samples 
could likely be derived from the exposed domains of Thomson Orogen, such as the Greenvale, 
Charters Towers or Anakie provinces (Figure 5-11). Compared to Trend A, the Grenvillian (~1100 
Ma) age component is more dominant in Trend B, and is also characteristic for the Delamerian and 
Thomson domains (Figure 5-10). The Early Mesoproterozoic (~1540 Ma) population of zircon ages 
is like that of some detrital zircon observed in the Mossman Orogen (Figure 5-8 and 5-10). The Early 
Permian (~280 Ma) population represents erosion of the igneous plutons and possibly volcanic rocks 
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associated with rifting of east Australia during this time according to Korsch et al. (2009a; b). These 
plutons are found in the New England Orogen; in particular, in the North D’Aguilar and Yarraman 
subprovinces (Jell, 2013, chapter 5; Figure 5-11). 
The findings of this study corroborate proposed palaeodrainage models for the Jurassic Walloon 
Subgroup and the Springbok Sandstone (Yago, 1996; Shields & Esterle, 2015; Bianchi et al., 2017; 
Figure 5-2). Palaeoflow was probably predominantly south-/south-easterly directed during the 
deposition of all Jurassic samples and detritus was likely transported into the Surat Basin from 
exposed domains of the Thomson Orogen. The stratigraphically younger samples following Trend B 
also received Early Permian input from the New England Orogen, as well as Early Mesoproterozoic 
detritus from the Mossman Orogen, which is consistent with a south-/south-easterly directed trunk 
drainage fed by distributary channels from the east (Shields & Esterle, 2015) and does not exclude 
internal drainage, as proposed by Yago (1996).  
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Figure 5-11: Schematic representation of palaeodrainage as inferred from U-Pb geochronology of 
detrital zircon and palaeocurrent analysis of subsurface image logs (from Shields & Esterle, 2015; 
Bianchi et al., 2017), as well as possible source regions of the Walloon Subgroup and overlying 
Springbok Sandstone. AP=Anakie Province, ASp=Auburn Subprovince, BP=Barnard Province, 
CTP=Charters Towers Province, DAP=D’Aguilar Subprovince, GrP=Greenvale Province, 
HP=Hodgkinson Province, WP=Wandilla Province, YP=Yarrol Province, YaP=Yarraman 
Subprovince. 
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5.8! Conclusions 
New U-Pb detrital zircon geochronology data from eleven Middle – Late Jurassic sandstone samples 
from the Surat and Eromanga basins strata provide radiometric age constraints for the time of 
deposition and provenance of the units within the Surat and Eromanga basins in eastern Australia. 
Maximum depositional ages generated in this study closely approximate recently published CA-
TIMS ages for the Walloon Subgroup (Sammons, 2015; Wainman et al., 2015, 2017). Walloon 
Subgroup sediments on the western margin of the Surat Basin are significantly younger than those on 
the eastern side. This could reflect (1) a younging from west to east of the Walloon Subgroup, but 
alternatively (2) that these samples are better correlated to the overlying Springbok Sandstone. In the 
latter interpretation, the Springbok Sandstone is erosive, the Taroom coal measures have pinched out 
over the Nebine Ridge, and only the Tangalooma Sandstone and Springbok Sandstone remain.  
Two distinct detrital zircon age spectra (Trend A and B) were observed within samples, and 
subsequently compared with a recently published dataset of the Tasmanides (after Shaanan et al., 
2017 and references therein). Trend A consists of samples from the eastern Surat Basin and the 
stratigraphically older samples on the western margin of the study area, while the stratigraphically 
younger samples from the western part of the study area constitute Trend B. Both trends record 
extensive, syndepositional volcanism that occurred along the eastern Gondwana margin, but show 
differences in the proportions of older ages. Both Trend A and B record Late Neoproterozoic to Early 
Cambrian (635-521 Ma) and Late Meso- to Early Neoproterozoic (1200-900 Ma) detrital zircon 
populations, but Trend B has the additional features of Early Mesoproterozoic (1600-1400 Ma) and 
Early Permian (290-273 Ma) detrital zircon populations. The age population recognised in the 
Eromanga and Surat Basins imply input from the Mossman and New England orogens. 
Palaeodrainage during deposition of the Walloon Subgroup and the overlying Springbok Sandstone 
was predominantly south/south easterly directed and fed by westward flowing tributaries, but, based 
on earlier studies describing decreasing tuff thickness and volcanic lithic contents toward the 
northwest (Ryan et al., 2012; Sammons, 2015; Bianchi et al., in prep.), the source of syndepositional 
ash fall and influx of andesitic volcanic lithics into the Surat Basin was likely located to the east of 
the basin and off board Australia.    
 
  
 
 
146 
5.9! Acknowledgments 
The authors would like to thank the University of Queensland (UQ) and the School of Earth and 
Environmental Sciences for awarding a UQI scholarship, as well as UQ’s Centre for Coal Seam Gas 
(www.ccsg.uq.edu.au) for providing industry research funding (from APLNG, Arrow Energy, 
Shell/QGC and Santos). The authors are thankful to Senex Energy Ltd and the Geological Survey of 
Queensland for providing samples and data. The authors want to extend their gratitude to OGIA, who 
provided thickness maps of the Springbok Sandstone and the Walloon Subgroup. Furthermore, the 
authors are grateful to Miss Karine Harumi Moromizato at the Analytical Laboratory at the QUT’s 
Central Analytical Research Facility. Renate Sliwa is gratefully acknowledged for providing a cross-
section through the Surat Basin and invaluable feedback. We thank Uri Shaanan for reviewing an 
early version of the manuscript. 
  
 
 
147 
6! MINERALOGICAL VARIATION OF THE MIDDLE TO LATE 
JURASSIC WALLOON SUBGROUP IN THE SURAT BASIN 
 
Hentschel, A., Esterle, J.S., Golding, S.D. 
School of Earth and Environmental Sciences, University of Queensland, Brisbane, QLD, Australia 
 
Unpublished 
 
Astrid Hentschel (PhD candidate) prepared samples and conduced XRD analysis, Complied and 
interpreted Hylogger™ data, prepared figures and wrote manuscript. 
Joan Esterle (Principal PhD supervisor) reviewed, discussed and edited manuscript. 
Suzanne Golding (Associate PhD supervisor) reviewed, discussed and edited manuscript. 
 
Summary 
This chapter investigates mineralogical variation within the Walloon Subgroup and between over- 
and underlying units applying hyperspectral scanning of core using Hylogger™ technology and x-
ray diffraction.  The results were interpreted in light of previous work on provenance and spatial 
continuity and variation of the coal measures of the Walloon Subgroup, and tested for their 
application as a chemostratigraphic tool for intra- and inter-Walloon correlation. This study addresses 
research component 2, as outlined in the ‘research objectives, questions and methodology’ chapter. 
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Mineralogical variation of the Middle to Late Jurassic Walloon Subgroup 
in the Surat Basin, Queensland 
 
Hentschel, A., Esterle, J.S., Golding, S.D. 
School of Earth and Environmental Sciences, University of Queensland, Brisbane, QLD, Australia 
 
6.1! Abstract  
The Walloon Subgroup in the Surat Basin is an unconventional target for coal seam gas (CSG) 
production, but swelling clays impact on reservoir quality and production behaviour. This study 
investigated mineralogical variability within the clastic interburden of the Walloon Subgroup, and 
between the overlying Springbok Sandstone and underlying Hutton Sandstone in the Surat Basin 
through hyperspectral scanning of core (Hylogger™) with special focus on the distribution of 
swelling clays. The mineralogical composition as detected by Hylogger™ was tested through XRD 
analysis and also assessed for its application as a chemostratigraphic tool. The Walloon Subgroup 
records a simple mineralogy dominated by quartz, feldspar and clay minerals in the clastic interburden 
between the coal groups. The presence of clays, and in particular swelling clays, is not confined to 
finer grained lithologies, but they are abundant even in more sandstone dominated subunits, and likely 
a result of extensive syndepositional volcanism. Locally, the mineralogy is affected by provenance, 
the proximity to the volcanic source and drainage conditions. In the east of the Surat Basin, the upper 
(Juandah) coal measures and the Durabilla Formation of the Walloon Subgroup are characteristically 
more smectite-rich, whereas the lower (Taroom) measures have high kaolin possibly through acid 
leaching due to good drainage conditions. The Walloon Subgroup along the eastern basin margin 
records increased white mica contents potentially due to sourcing from the easterly-lying New 
England Orogen. Further to the north and centre of the basin, the Walloon Subgroup has thick 
smectite-rich horizons throughout, which occur independently of lithology and likely represent pulses 
of volcanic activity of a north-easterly lying source supplying ash into the basin. The smectite content 
decreases to the west, where the Walloon Subgroup thins out due to erosion and on lapping onto the 
Roma Shelf. The preserved strata of the Walloon Subgroup and Springbok Sandstone in this area are 
mineralogically different and contain chlorite minerals, which were suggested through XRD to be the 
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Fe-rich endmember chamosite. This could be an alteration product of volcanic ash, through brackish 
or marine influence. The Walloon Subgroup, however, is widely accepted to be deposited in a 
terrestrial setting, but this should be tested by palynological studies. While hyperspectral scanning 
did not prove helpful as a chemostratigraphic tool for intra-Walloon correlation, there is a clear 
mineralogical difference between the more volcanic influenced Walloon Subgroup and the more 
cratonic influenced, quartzose Hutton Sandstone beneath. Though sandstone dominated as well, the 
overlying Springbok Sandstone is similar in mineral composition to the Walloon Subgroup, 
containing high amounts of swelling clays, making these units almost indistinguishable in the 
Hylogger™ scans.  
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6.2! Introduction 
The Middle to Late Jurassic Walloon Subgroup in the Surat Basin (Figure 6-1) is a prolific, 
unconventional source of CSG in Queensland. Despite the impact on reservoir quality and 
geotechnical behaviour, the distribution of swelling clays within the Walloon Subgroup and laterally 
across the basin, from the gas fairway in the north-east to the Roma Shelf in the west, is unknown. A 
localised study suggested that swelling clays are abundant within the upper coal measures of the 
Walloon Subgroup (Grigorescu et al., 2010) and a product of syndepositional supply of volcanic ash 
into the Surat Basin from a potentially easterly located source (Hawlader, 1990).  
Previous work also showed that the coal measures of the Walloon Subgroup and their clastic 
interburdens show a high degree of lateral variation in their lithology and continuity. Regional 
correlations of geophysical borehole data by the Office for Groundwater Impact Assessment (OGIA, 
2014 and 2016) suggested that the lower coal measures (Taroom) of the Walloon Subgroup thin out 
towards the Nebine Ridge in the west of the basin and that the upper coal measures (Juandah) are 
eroded in this area. A sandstone unit separating the coal measures (Tangalooma) is the thickest in the 
central part of the Taroom Trough (Figure 6-1), but shales out in the south-east of the Surat Basin. It 
thins out to the west and across the Nebine Ridge before transitioning into the sandstone-dominated 
and coal-poor Birkhead Formation of the adjacent Eromanga Basin (Figure 6-1). Erosion of the upper 
coal measures on the Roma Shelf in the west before the deposition of a sandstone unit (Springbok 
Sandstone) overlying the Walloon Subgroup was corroborated through the use of an organic carbon 
isotope excursion detected in the coals as a correlation tool (Hentschel et al., 2016b). Depositional 
ages interpreted from U-Pb detrital zircon geochronology show that the ‘upper coal measures’ on the 
Roma Shelf are significantly younger than their eastern equivalents, and that these are better 
correlated with the coals of the overlying Springbok Sandstone (Hentschel et al., 2017). In the west, 
the preserved strata of the Walloon Subgroup and Springbok Sandstone have a different detrital zircon 
provenance than in the east. If different provenance trends and lateral changes in lithology and 
continuity impacted on the mineralogical composition and distribution of swelling clays in these strata 
is uncertain.  
This study aims to investigate mineralogical variation of the Walloon Subgroup across the Surat 
Basin, with special focus on the distribution of swelling clays. We present new mineralogical data for 
the Walloon Subgroup derived from hyperspectral scanning of core utilizing Hylogger™ technology, 
which was tested through XRD analysis. While the proportions of minerals as recorded through 
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hyperspectral scanning varied from those determined through XRD analysis due to differences in 
methodology, XRD proved helpful in confirming the presence of minerals, in particular of different 
clay types. Mineralogical variation will be interpreted in the light of recent work on the lateral 
continuity and provenance of this unit.  
 
Figure 6-1: Geological map of north-eastern Australia (modified after Jell, 2013).  
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6.3! Background 
6.3.1! Geological setting 
Sedimentation within the Surat Basin, the adjacent Eromanga and associated Mesozoic Basins (Figure 
6-1) initiated in the latest Triassic, after a phase of contractional deformation and widespread erosion 
in the Middle to Late Triassic resulted in peneplanation of the basins and basement rocks of eastern 
Australia (Exon, 1976; Fielding et al., 1990; Korsch & Totterdell, 1996; Korsch et al, 2009; Hoffman 
et al., 2009). This contractional event is called the Goondiwindi Event, and is known to have caused 
a number of thrust and back-thrust fault systems in the underlying Bowen Basin, which includes the 
Moonie-Goondiwindi and the Burunga-Leichardt faults (Figure 6-2; Korsch et al., 2009). Different 
structural settings and mechanisms driving subsidence in the Surat and adjacent Mesozoic basins have 
been proposed, ranging from a back-arc subduction zone (Waschbusch et al. 2009, Korsch and 
Totterdell 2009, Korsch et al. 2009) to an intracratonic rift zone (Fielding 1996). Nevertheless, 
subsidence was described as linear throughout the Jurassic, though slightly increased during the Late 
Jurassic and Early Cretaceous (Gallagher, 1990). Subsidence rates decreased from the adjacent 
Clarence-Moreton Basin in the east to the Eromanga Basin, bordering the Surat Basin in the west 
(Gallagher, 1994). In the Surat Basin, sedimentation of the clastic succession progressed in six 
sedimentary cycles or supersequences (Figure 6-3; Exon, 1976; Exon & Burger, 1981; Day et al., 
1983; Gallagher, 1990). Each supersequence comprises a fining upward sequence, starting with thick, 
basal sandstone, followed by siltstone, mudstone and, at times, coal-bearing strata at the top 
(Hoffmann et al., 2009). Deposition ceased in the mid-Cretaceous, as regional uplift and tilting caused 
erosion of as much as 3 km of Jurassic to Cretaceous sediments in the north, defining the present-day 
outline of the Surat Basin (Raza et al., 2009). This mid-Cretaceous event is known as the Moonie 
Event (Korsch et al., 1998). Despite tectonic quiescence during the Jurassic, the activation of older 
tectonic features (thrust faults; Figure 6-2) of the underlying Bowen Basin in the mid-Cretaceous has 
resulted in slight deformation of the Surat Basin strata, forming anticlinal structures through the 
reactivation of the Moonie-Goondiwindi and Burunga-Leichhardt fault systems along the eastern 
basin margin (Korsch et al, 1998), and around the Roma Shelf due to reactivation of the Hutton-
Wallumbilla fault on the western side of the Surat Basin (Ryan et al., 2012). 
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Figure 6-2: Isopach map of the coal measures of the Walloon Subgroup (Top Juandah Coal Measures 
to base Taroom Coal Measures). Maximum sediment thickness in the Taroom Through. Location of 
study wells is indicated. Thrust faults occur at depth in the underlying Bowen Basin. The coal 
measures of the Walloon Subgroup thin towards the subcrop line due to erosion.  
 
6.3.2! Stratigraphic framework 
The Walloon Subgroup reaches a maximum thickness of approximately 450 m within the axis of the 
Taroom Through (Figure 6-1 and 6-2; Cadman and Pain, 1998). It is part of the second sedimentary 
cycle in the Surat Basin, commonly referred to as the K-supersequence (Figure 6-3; Hoffmann et al., 
2009). The K-supersequence began in the Middle Jurassic with the deposition of a thick, amalgamated 
sandstone unit (the Hutton Sandstone) that fines upward into the (Callovian to Oxfordian of the 
Middle to Late Jurassic) Walloon Subgroup (Figure 6-3; Exon, 1976; Hoffmann et al., 2009). Based 
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on different proportions of coal and sandstone, the Walloon Subgroup is subdivided (in younging 
order) into the Durabilla Formation, the Taroom Coal Measures, the Tangalooma Sandstone and the 
Lower and Upper Juandah Coal Measures (Figure 6-3; Jones & Patrick, 1981; Scott et al., 2007; 
Hamilton et al., 2014). With some modifications, these lithostratigraphic subdivisions were followed 
by OGIA (2016) and applied in this study.  
The thickness of the Walloon Subgroup is controlled by westward thinning of the Taroom Coal 
Measures, as well as erosion of the more sand-rich Upper Juandah Coal Measures prior to deposition 
of the overlying Springbok Sandstone (OGIA, 2016). This is supported by recent studies using a 
positive excursion in stable carbon isotope composition of the coals, as well as depositional ages 
interpreted from detrital zircon geochronology as stratigraphic tools (Figure 6-4; Hentschel et al. 
2016a, b and 2017). The positive excursion, which represents a larger, climatic shift, sets in in the 
Lower Juandah Coal Measures and culminates in the Upper Juandah Coal Measures, before it shifts 
back to more negative values in the coals of the Springbok Sandstone (Figure 6-4). The Walloon 
Subgroup was deposited between 165-157 Ma, whereas the Springbok Sandstone has depositional 
ages of <152 Ma (Figure 6-4; Hentschel et al., 2017; Wainman et al., 2017). The Tangalooma 
Sandstone, a unit that is variable in its character and composition, is the only part of the Walloon 
Subgroup that is continuous with the Birkhead Formation in the adjacent Eromanga Basin (OGIA, 
2016). The overlying Springbok Sandstone (equivalent with the Adori Sandstone in the Eromanga 
Basin; Figure 6-3) was first described to be conformable with the Walloon Subgroup (Exon, 1976), 
but lithological evidence of fluvial incision at the base of the Springbok Sandstone, which 
corresponds with the onset of a new depositional cycle (L-supersequence; Hoffmann et al., 2009) in 
the Surat Basin, occurs in the form of coarse, calcareous sandstone with pebble legs (Swarbrick, 
1973). The Springbok Unconformity has been recognised from well-log correlation (Green et al., 
1997; Sliwa & Fraser, 2004; Hamilton, 2007; Sliwa & Esterle, 2008; OGIA, 2016) and is identifiable 
on seismic survey (Hoffmann et al., 2009). Based on the signature of geophysical borehole data that 
reflect composition and bedding, the Springbok Sandstone can be subdivided into a relatively massive 
to thickly bedded, conglomeratic to quartzose basal unit, and an upper unit that consists of a series of 
stacked fining upwards sequences (Figure 6-3). The Springbok Sandstone can contain thin coal plies 
as well, with similar petrographic composition to the Upper Juandah Coal Measures (Scott et al., 
2007; Hentschel et al., 2016a), making these units often difficult to distinguish.   
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Figure 6-3: Stratigraphy of the Surat Basin (modified after McKellar, 1998). Chronostratigraphy 
after McKellar (1998), adjusted by Wainman et al. (2015); Depositional ages from Wainman et al. 
(2017). Sedimentary cycles after Hoffmann et al. (2009); Stratigraphic subdivision of the Walloon 
Subgroup used in this study after OGIA (2016). 
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Figure 6-4: Correlation of wells ranging from the Roma Shelf in the west to the eastern margin of the Surat Basin. Displayed are gamma-ray (shale-line 
at 100 gapi) and density logs (coal density cut-off at 1.85 g/cm3), as well as organic stable carbon isotope trends (δ13C in ‰ VPDB; from Hentschel et 
al., 2016a and b). The average δ13C for the coals of the Walloon Subgroup and Springbok Sandstone is 23.9 ‰). Depositional ages are derived from 
U-Pb geochronology of detrital zircon from sandstone (Hentschel et al., 2017) and zircon from tuffs (Wainman et al., 2017). The red dotted line represents 
the new Springbok Unconformity as interpreted from the displayed data. The location of wells is shown in Figure 6-2. 
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6.3.3! Mineralogical studies 
Variation in mineralogical composition between the Jurassic strata of the Surat Basin was described 
by Hawlader (1990) based on thin section petrography. Based on mineralogy and the presence of 
lithics, the Jurassic to Lower Cretaceous clastic successions of the Surat Basin were classified as 
either quartzose (>50 % detrital quartz), intermediate (30-50 % detrital quartz) or labile (<30 % 
detrital quartz; Hawlader, 1990). The Hutton Sandstone, the unit underlying the Walloon Subgroup, 
was described as part of the quartzose facies, which is characterized by mainly plutonic quartz, high 
K-feldspar to total feldspar ratios, increased kaolin content and only minor smectite, mixed-layer 
smectite-illite and chlorite. The Walloon Subgroup and overlying Springbok Sandstone are classified 
as labile facies, comprising mainly smectite, mixed layer smectite-illite, but only minor kaolin 
(Hawlader, 1990). Based on mineralogy, the sediments of the Surat Basin were either described as 
derived from a stable craton in the continent interior (quartzose petrofacies; Hutton Sandstone), or 
volcanic arc derived (labile facies; Walloon Subgroup and Springbok Sandstone; Hawlader, 1990).  
U-Pb geochronology of detrital zircon partially corroborated this. The Hutton Sandstone has detrital 
zircon age population characteristic for the northerly lying Thomson Orogen, but also detrital zircon 
age population that describe the timing of the rifting of Rodinia, which could be derived from the 
continental interior (Hentschel et al., 2017). The Walloon Subgroup and Springbok Sandstone, which 
were assigned to the labile petrofacies, were initially described to be derived from a volcanic arc to 
the east of the Surat Basin (Boult et al., 1995; Yago, 1996). Recent U-Pb geochronology of detrital 
zircon support the concept of south-oriented main drainage flowing into the subsiding basin, fed by 
tributaries from the east (Shields & Esterle, 2015), as the detrital zircon age populations of the 
Walloon Subgroup and Springbok Sandstone resemble those of the northerly lying Thomson Orogen 
and easterly lying New England Orogen (Hentschel et al., 2017). Only the strata on the Roma Shelf 
show additional input from the Mossman Orogen (Hentschel et al., 2017). If these strata have a 
different mineralogy as a result of a change in provenance is uncertain. Volcanic ash and lithics found 
in the Walloon Subgroup and Springbok Sandstone were likely distributed into the Surat Basin from 
an easterly lying source, as evidenced by a decrease in tuff thickness (Ryan et al., 2012; Wainman & 
McCabe, 2016) and volcanic lithics (Bein, 2016) towards the west.  
Despite the impact on quality and production behaviour of the Walloon Subgroup as an 
unconventional reservoir, a basin wide study of the mineralogy of the coal measures, and in particular 
the distribution of swelling clays does not exist. In a localized study, Grigorescu et al. (2010) 
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conducted x-ray diffraction analysis on a number of samples from the Walloon Subgroup from the 
Dalby 1 well on the eastern margin of the Surat Basin. Their findings conclude that the mineralogy 
of the Walloon Subgroup is homogenous, with respect to primary minerals. The Walloon Subgroup 
comprises approximately 40 % quartz, 15-19 % plagioclase feldspar, 5 % K-feldspar. Kaolin is the 
dominant clay mineral (most frequently 18 %), but its concentration varies throughout the formation. 
Mixed layer clays are dominant over kaolin in the Juandah Sandstone (a regional sandstone unit 
separating Upper from Lower Juandah Coal Measures; Hamilton et al., 2014) and Durabilla 
Formation. Chlorite was found to vary from trace amounts to a few percent; it is commonly found in 
the coal measures, yet is absent in the Durabilla Formation and the Juandah Sandstone. Illite-rich 
mixed layers are found in the Lower Juandah Coal Measures, the Tangalooma Sandstone and the 
upper Taroom Coal Measures. Smectite-rich mixed layers are more common in the Upper Juandah 
Coal Measures and in the Durabilla Formation. The most common secondary mineral is siderite 
(Grigorescu et al., 2010). 
 
  
 
 
159 
6.4! Methodology  
In this study, we present a mineralogical characterisation of seven cores from the Walloon Subgroup 
and over- and underlying Springbok and Hutton sandstones in the Surat Basin, as well as one core 
from the eastern Eromanga Basin, conducted through hyperspectral scanning applying Hylogger™ 
technology, in order to detect compositional variation within and between formations of interest, and 
laterally throughout the study area. This was complimented by XRD analysis (a more conventional 
technique) of a suite of fourteen selected sandstone samples. Table 6-1 provides an overview of the 
data presented in this study.  
Table 6-1: Overview of study wells and analyses conducted. 
Basin 
Well 
number Well name Latitude Longitude Hylogger™ 
XRD 
samples 
Eromanga 
Basin 
1 Mitchell 1 -26.414105 147.117805 VNIR, SWIR, TIR - 
Surat Basin 
2 Indy 3 -26.250803 148.522008 VNIR, SWIR, TIR 14  
3 Roma 8 -26.553258 148.604011 VNIR, SWIR, TIR - 
4 Pleasant Hills 25 -26.409189 149.009717 VNIR, SWIR, TIR - 
5 Chinchilla 4 -26.727316 150.201792 VNIR, SWIR, TIR - 
6 Chinchilla 3 -26.937600 150.368322 VNIR, SWIR1 - 
7 Jordan 3 -27.154964 150.735772 VNIR, SWIR1 - 
8 Dalby 1 -27.339258 150.739980 VNIR, SWIR1 - 
 
6.4.1! Hyperspectral scanning of core (Hylogger™) 
Hyperspectral scanning of entire drill core from eight wells (Table 6-1) was conducted applying 
Hylogger™ 2 and 3 technologies. These non-destructive, non-invasive technologies enable the 
determination of drill core mineralogy using reflectance spectroscopy. Reflectance is the ratio of 
reflected energy to incident energy and varies with wavelength, as a function of the molecular 
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properties of the material. Diagnostic spectral characteristics caused by molecular vibrations 
indicative of the chemical bonds in crystalline minerals are detected by different spectrometers. The 
Hylogger 2 has two spectrometers, of which one covers the electromagnetic visible-near spectrum 
(VNIR, 400-1000nm) and the second one the shortwave-infrared (SWIR) wavelengths (1000-
2500nm). The Hylogger 3 has an additional spectrometer, which covers the thermal infrared (TIR) 
spectrum (8000-12000nm). Phyllosilicates, amphiboles, carbonates, sulphates and iron oxides can be 
detected. In addition, the thermal infrared system (TIR) detects non-hydroxylated silicates, like quartz 
and feldspar. 
The core is scanned and digitally photographed while placed on a robotic x/y table, without removing 
it from the core tray.  The spectrometers simultaneously record reflectance spectra from 10mm pixels 
along the core. The Hylogger raw output data can be imported and processed using CSIRO’s “The 
Spectral Geologist” software (TSGᵀᴹ). Mineral identifications were made using CSIRO’s “The 
Spectral Assistant” algorithm (TSAᵀᴹ) by the deconvolution of spectra against of library of reference 
spectra (Mason and Huntington, 2010). The results are illustrated as continuous, mineralogical logs, 
displayed with a bin size of 0.1m. After the drill cores were scanned, samples were taken for further 
analysis. 
 
6.4.2! XRD 
BULK ANALYSIS 
Detailed XRD analysis of a number of 14 selected sandstone samples and oriented clay separates 
from Indy 3 was conducted at the Queensland University of Technology Central Analytical Research 
Facility (CARF) to test the presence of minerals as determined by the Hylogger™ scan. Sub-samples 
(2.7 g) were accurately weighed and prepared for XRD analysis by the addition of a corundum (0.3 
g, Al2O3) internal standard at 10 wt%. The specimens were micronized in a McCrone mill using 
zirconia beads and ethanol, and dried in an oven overnight at 40 °C. The derived homogenous 
powders were back-pressed into sample holders. 
Step scanned X-ray diffraction patterns were collected for half an hour per sample using a 
PANalytical X’Pert Pro powder diffractometer and cobalt Kα radiation operating in Bragg-Brentano 
geometry. The collected data was analysed using JADE (V2010, Materials Data Inc.) and X’Pert 
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Highscore Plus (V4, PANalytical) with various reference databases (PDF4+, AMCSD, COD) for 
phase identification. Rietveld refinement was performed using SiroQuant (V3, Sietronics) or TOPAS 
(V5, Bruker) for quantitative phase analysis. The known concentration of added corundum facilitates 
reporting of absolute phase concentrations for the modelled phases. The sum of the absolute 
concentrations is subtracted from 100 wt% to obtain a residual (called non-diffracting/unidentified, 
also known as “amorphous”). The residual represents the unexplained portion of the pattern: it may 
be non-diffracting content but will also contain unidentified phases or poorly modelled phases. It is 
not an accurate measure as its error is the sum of the errors of the modelled phases. An absorption 
contrast correction (Brindley) was made on the basis that the average size of the particles in the 
specimens is approximately 5 µm. The more absorbing phases will be under estimated if their actual 
average particle size is greater than 5 µm.  
 
CLAY SEPARATES 
A small quantity of the sample used for bulk analysis was dispersed in water and allowed to settle. 
The fine fraction in suspension, nominally less than 5 um, was transferred by pipette to a silicon low 
background plate and allowed to dry. After collection of the air-dried pattern, the fine fraction sample 
was treated with ethylene glycol and reanalysed for the effect of the treatment. 
The fine-fraction XRD patterns were collected over a restricted 2 theta range using a fixed irradiation 
length (20mm) for all 2 theta angles with a Panalytical X-Pert Pro powder diffractometer and cobalt 
Kα radiation operating in Bragg-Brentano geometry. The fine fraction patterns are compared to an 
in-house restricted reference set for clays. Any non-clay diffraction lines that are present are ignored. 
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6.5! Results 
6.5.1! Hylogger!  
Core from four Surat Basin wells and one Eromanga Basin well was scanned using the TIR system 
(Table 6-1). The average mineralogical composition on a mineral group level per formation of the 
cored Surat and Eromanga Basin strata is shown in Table 6-2. An example of a mineralogical log 
produced by the Hyloggerᵀᴹ system (from Roma 8) is shown in Figure 6-5, highlighting inter-
formational changes in mineralogy. 
The Jurassic strata (Hutton Sandstone to Gubberamunda Sandstone) of the Surat Basin and eastern 
Eromanga Basin are dominated by (as determined by TIR system) quartz (42.9% across all wells and 
formations), kaolin (30.0 %), smectite (9.1 %), as well as K-feldspar (7.2 %), plagioclase (3.3 %) and 
white mica (3.1 %). Other mineral groups detected only make up 4.3 % in total and are mainly chlorite 
and carbonate, or classified as “invalid” (non-minerals, likely coal).  
In the Surat Basin, the Hutton (57.6 % quartz) and Gubberamunda (64.0 % quartz) sandstones have 
particularly high quartz contents, kaolin (19.5 % in the Hutton Sandstone and 25.4 % in the 
Gubberamunda Sandstone), but minor feldspar and white mica (Table 6-2; Figure 6-5). The 
Westbourne Formation (38.7 % quartz), Springbok Sandstone (24.9 % quartz) and the Walloon 
Subgroup (31.2 % quartz) are relatively quartz poor, but comprise relatively more feldspar and kaolin 
minerals than the Hutton and Gubberamunda sandstones (Table 6-2; Figure 6-5). Increased amounts 
of smectite were detected in the Springbok Sandstone throughout the Surat Basin (20.3 %), the 
Walloon Subgroup (7.8 %) and in the Hutton Sandstone (13.2 %; Table 6-2). In the eastern Eromanga 
Basin, the Hutton Sandstone and the Birkhead Formation are mineralogically similar to their later 
equivalents in the Surat Basin (Table 6-2). The Adori Sandstone, however, contains significantly 
more quartz (62.2 %) and less smectite minerals (1.4 %).    
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Table 6-2: Relative mineralogy (%) on a mineral group level by formation and basin as determined 
by the TIR system. Data displayed for formations that are fully cored and scanned by the Hylogger 
system only. 1Labile (<30 % detrital quartz), 2quartzose (>50 % detrital quartz), 3intermediate 
petrofacies (30-50 % detrital quartz), as defined by Hawlader (1990). 
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Surat 
Basin  
Gubberamunda3 3 64.0 1.6 3.1 25.4 4.2 0.2 1.4 
Westbourne Formation2 3 38.7 7.2 0.3 43.4 2.4 1.4 6.6 
Springbok Sandstone1 2, 3, 4, 5 24.9 11.1 5.1 31.1 2.9 20.3 4.5 
Walloon Subgroup1 2, 3, 4, 5 31.2 11.9 3.7 37.3 2.0 7.8 6.0 
Hutton Sandstone3 3, 5 57.6 2.6 0.5 19.5 3.2 13.2 3.4 
 
Eromanga 
Basin 
Westbourne Formation2 1 44.2 5.7 3.3 26.3 0.9 17.7 2.0 
Adori Sandstone1 1 62.2 1.7 1.9 28.2 2.5 1.4 2.2 
Birkhead Formation1 1 33.3 8.1 7.7 32.5 5.8 7.2 5.4 
Hutton Sandstone3 1 68.8 1.7 3.3 1.,1 7.2 1.2 3.7 
         
Surat and Eromanga basins 1, 2, 3, 4, 5 42.9 7.2 3.3 30.0 3.1 9.1 4.3 
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Figure 6-5: Mineralogy of the Jurassic strata of the Roma 8 well (Evergreen Formation to 
Gubberamunda Sandstone) as determined by the TIR Hyloggerᵀᴹ system. 
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Figure 6-6: Hyloggerᵀᴹ logs as determined by the TIR system of the Hutton Sandstone (where cored), 
Walloon Subgroup in the Surat Basin and the Birkhead Formation in the Eromanga Basin, and the 
Springbok Sandstone in the Surat Basin and the Adori Sandstone in the Eromanga Basin.  Mitchell 1 
is located in the eastern Eromanga Basin, all other wells in the Surat Basin. Displayed also are 
gamma-ray (shale-line at 100 gapi) and density logs (coal density cut-off at 1.85 g/cm3), where 
available. The red dotted line represents the new Springbok Unconformity as interpreted from 
organic carbon isotope trends and geochronology (Hentschel et al., 2017). 
Within the Walloon Subgroup, the proportion of primary minerals is consistent across the subunits 
(Figure 6-6). Changes between subunits are mainly in the form of varying kaolin to smectite ratios. 
Figure 6-7 shows the downhole mineralogy of 8 wells from throughout the Surat Basin and the eastern 
Eromanga Basin, as detected by the SWIR/VNIR system. The SWIR/VNIR system cannot detect 
silicates and feldspar minerals, however, highlights the distribution of secondary minerals, such as 
kaolin and smectite. Whereas the detected mineralogy is only relative, certain units and subunits 
appear to be either kaolin or smectite dominated (on a SWIR/VNIR level; Figure 6-7). Smectite-rich 
horizons within the Walloon Subgroup in the east of the Surat Basin and across to the Hutton-
Wallumbilla Fault that borders the Roma Shelf, are associated with the Upper Juandah Coal Measures 
and the Durabilla Formation. On the Roma Shelf, the thickness of smectite-rich horizons decreases 
and the smectite-rich zones associated with the Upper Juandah Coal Measures and the Durabilla 
Formation are absent (Figure 6-7). The Walloon Subgroup (Lower Taroom Coal Measures to Lower 
Taroom Coal Measures) along the eastern margin of the Surat Basin (Chinchilla 3, Jordan 3, Dalby 
1) has a higher relative white mica contents (Figure 6-7). The white mica content decreases towards 
the Roma Shelf in the west, but wells located in this area (Indy 3, Roma 8) have increased chlorite 
contents throughout the Walloon Subgroup (Figure 6-7).  
In the adjacent Eromanga Basin, the Birkhead Formation has relatively low kaolin/smectite ratios 
(Figure 6-7). The Hutton Sandstone in the Surat and Eromanga basins has characteristically high 
kaolinite/smectite ratios, whereas the Springbok Sandstone is dominated by smectite over kaolinite. 
In the Eromanga Basin, however, smectite minerals are rare in the Adori Sandstone, the western 
equivalent of the Springbok Sandstone (Figure 6-7).  
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Figure 6-7: Correlation of study wells ranging from the Roma Shelf in the west to the eastern margin of the Surat Basin. Gamma-ray (shaleline at 100 
gapi) and density logs (coal density cut-off at 1.85 g/cm3), where available, as well as downhole mineralogy on a mineral group level as detected by 
SWIR and VNIR spectrometers are displayed. The red dotted line represents the new Springbok Unconformity as interpreted from organic carbon isotope 
trends and geochronology (Hentschel et al., 2017). 
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6.5.2! XRD 
XRD analysis was conducted to test the mineralogy as detected by Hylogger™ and to investigate the 
clay mineralogy of the Walloon Subgroup and Springbok Sandstone. The results of XRD analysis of 
14 selected sandstone samples (approximately 0.5 kg each) from the Springbok Sandstone and coal 
measures of the Walloon Subgroup from Indy 3 on the Roma Shelf of the Surat Basin are displayed 
in Table 6-3 on a per sample basis and as average across all samples. Figure 6-8 shows an XRD 
pattern for a clay separate representative of the clay mineralogy of the 14 samples. Comparison 
between the results of XRD analysis and Hylogger™ scan of the sampled core interval is made in 
Figure 6-9.  
The amorphous content across all samples is 12.2 vol. % ± 8.6. On a mineral group level (normalized 
to “no amorphous matter”), the composition as detected by XRD is similar to that determined by 
Hylogger™. The samples are generally quartz dominated (38.1 vol. % ± 13.8 across all samples), 
have increased plagioclase (identified as albite; 22.8 vol. % ± 10.0) and smectite (identified as 
montmorillonite; 18.3 vol. % ±8.5) content, minor kaolin (6.7 vol. % ± 4.4), K-feldspar (identified as 
microcline; 4.5 vol. % ± 1.5), white mica (muscovite; 3.7 vol. % ± 1.4), carbonate (predominantly 
calcite; 2.9 vol. % ± 6.9) and chlorite (identified as chamosite; 2.3 vol. % ± 1.2). While the proportions 
of primary minerals detected by Hylogger™ and XRD are similar, there is a greater discrepancy in 
the clay mineralogy of the samples. The Hylogger™ system conducts a line scan and only produces 
the relative mineralogy of the scanned core, which can be affected by several factors, such as residual 
drilling mud or core orientation and condition. Powder XRD analysis allows for the quantitative 
representation of the overall mineralogy of a sample. The preparation of clay separates allows for the 
measurement of the most diagnostic d-spacing between the 001 planes and assists with a more 
confident identification of clays and mixed-layer clays.  
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Table 6-3: Normalized results of XRD analysis for selected sandstone samples from Indy 3 (vol. %). 
Amorphous matter content is 12.2 vol. % ± 8.6 across all samples.   
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109.07-109.32m 
Springbok 
Sandstone 
63.9 5.8 10.3 1.4 2.6 13.8 1.5 0.0 0.0 0.5 
118.75-119.05 m 64.1 4.0 8.0 9.2 4.0 8.9 0.9 0.0 0.0 0.6 
164.14-164.41 m 
Juandah Coal 
Measures 
23.9 5.0 29.2 4.4 2.1 31.7 1.2 1.5 0.0 1.0 
171.10-171.42 m 27.9 2.9 30.9 5.4 3.5 19.7 3.2 5.5 0.7 0.1 
174.36-174.61 m 38.6 4.7 27.0 7.8 3.7 8.1 1.9 7.5 0.0 0.7 
190.08-190.37 m 43.6 6.0 21.7 4.9 2.2 15.4 5.6 0.0 0.0 0.7 
214.80-214.99 m 15.2 6.3 35.9 4.6 3.3 32.2 1.9 0.0 0.0 0.6 
221.40-221.57 m 28.6 4.1 31.7 10.5 4.1 16.7 2.4 1.1 0.0 0.6 
236.31-236.61 m 28.2 1.3 37.6 4.3 3.3 22.4 2.3 0.0 0.0 0.7 
261.00-261.22 m 
Tangalooma 
Sandstone 
44.6 3.3 12.4 9.0 5.9 20.5 3.8 0.0 0.0 0.6 
276.88-277.10 m 41.2 3.9 27.4 8.8 3.2 13.0 1.9 0.0 0.0 0.5 
350.45-350.58 m 
Taroom Coal 
Measures 
38.8 2.9 10.5 18.4 6.9 19.7 2.2 0.0 0.0 0.7 
373.20-373.37 m 34.1 6.0 20.0 3.5 5.0 29.1 1.7 0.0 0.0 0.5 
378.81-379.05 m  41.0 6.3 16.0 2.1 2.4 5.4 1.3 25.5 0.0 0.0 
Average 38.1 4.5 22.8 6.7 3.7 18.3 2.3 2.9 0.1 0.6 
Stdev ±13.8 ±1.5 ±10.0 ±4.4 ±1.4 ±8.5 ±1.2 ±6.9 ±0.2 ±0.3 
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Montmorillonite is common in all clay separates, and was identified by the 003 peak at 5.65 Å 
following glycolation. Mixed-layer illite-smectite minerals are present, but in low to moderate 
amounts, as the 003 peak was commonly located closer to 5.65 Å, as opposed to 5 Å for illite (Hillier, 
2003). Kaolin was primarily identified by peaks at 7.15 Å and 14 Å. Since the kaolin minerals 
kaolinite and dickite cannot be distinguished from basal reflections, the group term kaolin will be 
used throughout this study. Chlorite was detected by the presence of peaks at d-spacings of 14.2, 7.1 
and 3.55 Å. These distinctive spacings suggest the presence of Fe-rich chlorite, which is corroborated 
by the intensity of the 003 peak relative to the even-order 002 and 004 peaks of chamosite (Hillier 
2003). 
 
Figure 6-8: XRD analysis of a clay separate (non-glycolated and glycolated) of a sandstone sample 
taken from Indy 3 at 236.31-236.61 m depth. This sample has characteristic smectite, kaolin and 
chlorite, as well as minor illite or mica peaks, and is representative of the clay mineralogy of the 
samples presented in this study. 
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Figure 6-9: Relative mineralogy (%) of selected sandstone samples from Indy 3 as determined by 
Hylogger™ line scan (TIR system) compared to the mineralogy of the same samples derived from 
XRD analysis (vol. %). Note: clays are likely mixed-layer clay minerals. 
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6.6! Discussion 
6.6.1! Mineralogy of the Jurassic strata and implications for depositional environment and 
provenance 
Hyperspectral scanning of core utilizing Hylogger™ technology (TIR system) corroborates 
petrological cyclicity of the Jurassic Surat Basin strata as determined by thin section petrography 
(Hawlader, 1990). The Hutton and Gubberamunda sandstones were previously classified as quartzose 
petrofacies (Hawlader, 1990). This study supports that these units are generally quartz-dominated 
(>50 %), have abundant kaolin, high K-feldspar to total feldspar ratios, but only minor smectite, 
mixed-layer clays and chlorite minerals. These quartzose sediments were interpreted to be derived 
from a quartzose stable craton in the continental interior (Hawlader, 1990). U-Pb geochronology of 
detrital zircon of the Hutton Sandstone in the eastern Surat Basin corroborates that any volcanic 
influence at the time was minimal (Hentschel et al., 2017). The Hutton Sandstone records Early 
Neoproterozoic grains (~880 Ma) in its detrital zircon ages spectrum (Hentschel et al., 2017), which 
are uncommon in Queensland, but describe the timing of formation of the Centralian Superbasin, 
rifting to the east that formed the Adelaide Geosyncline and eventually the breakup of Rodinia with 
rifting apart of Laurentia and Gondwanaland (Myers et al., 1996). The Hutton Sandstone, however, 
also contains large proportions of Late Neoproterozoic (~570 Ma) and Late Mesoproterozoic (~1100 
Ma) detrital zircon, which are characteristic for the northerly lying Thomson Orogen (Hentschel et 
al., 2017).  
The Westbourne Formation was described to be intermediate (30-50 % detrital quartz; Hawlader, 
1990). Hylogger™ confirms that the Westbourne Formation has 38.7 % quartz in the Surat Basin and 
44.2 % in the Eromanga Basin.  
The Walloon Subgroup and the overlying Springbok Sandstone in the Surat Basin were suggested to 
contain less than 30 % detrital quartz, but mainly smectite, mixed-layer smectite and illite, as well as 
minor kaolin. Therefore, these units were classified as labile petrofacies, derived from a volcanic arc 
to the east (Exon, 1976; Hawlader, 1990; Boult et al., 1998). Hylogger™ and XRD analysis confirmed 
that the Walloon Subgroup and Springbok Sandstone generally contain less quartz (approximately 30 
% on average), but the relatively proportions of clay and other secondary minerals vary across the 
different subunits of the Walloon Subgroup, as well as spatially throughout the study area. U-Pb 
geochronology of detrital zircon from sandstone of the Walloon Subgroup and the overlying 
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Springbok Sandstone showed that these units contain predominantly Jurassic age detrital zircon 
(Hentschel et al., 2017). These corroborate syndepositional volcanism supplying ash and volcanic 
lithics into the Surat and Eromanga basins. However, older, recycled detrital zircon of Late 
Neoproterozoic (~570 Ma) and Late Mesoproterozoic (~1100 Ma), as well as minor Early Permian 
age (~280 Ma) were detected as well, corroborating recent interpretations of subsurface borehole 
image logs and isopach maps, suggesting southerly flowing main drainage fed by westward flowing 
tributaries (Shields & Esterle, 2015), as opposed to only westward sediment dispersal from a volcanic 
arc (Hawlader, 1990; Yago, 1996; Boult et al., 1998).  
In the Walloon Subgroup and overlying Springbok Sandstone, the proportion of primary minerals is 
relatively consistent throughout the Surat Basin. Smectite is common, however, and decreases to the 
south and towards the Nebine Ridge in the west, supporting the presence of a volcanic source 
potentially located to the north-east, shedding volcanic lithics and ash into the Surat Basin. Tuffs, 
varying in thickness from several cm to a meter, were commonly observed on examination of core of 
the Walloon Subgroup and Springbok Sandstone. With increasing burial depth smectite could have 
then transformed into mixed-layer illite-smectite, but XRD confirmed that their presence is only low 
to moderate. Within the Walloon Subgroup, thick smectite horizons occur in the Durabilla Formation, 
the Tangalooma Sandstone and the Upper Juandah Coal Measures, in particular in Pleasant Hills 25 
and Chinchilla 4, and likely are a result of weathering of pyroclastic material, which could have been 
shed into the basin in pulses. Along the eastern margin of the Surat Basin, smectite is confined to the 
Upper Juandah Coal Measures and the Durabilla Formation, corroborating the results of XRD 
analysis of Dalby 1 by Grigorescu et al. (2010). The Lower Juandah Coal Measures and the Taroom 
Coal Measures in this area commonly have a higher ratio of kaolin (authigenic; Hawlader, 1990) over 
smectite minerals, as well as increased white mica (muscovite) contents. Good drainage conditions 
are commonly characterised by the formation of kaolin-rich palaeosols through acid leaching (Eberl, 
1984). Locally increased white mica contents in these wells (Chinchilla 3, Jordan 3 and Dalby 1) 
could be a result of sourcing from the bordering Yarraman Subprovince of the New England Orogen 
(Figure 6-1). Palaeocurrent analysis from borehole image logs from the eastern margin of the Surat 
Basin suggest westward flow of tributary channels feeding a southerly-oriented main drainage system 
that periodically fills the basin (Shields & Esterle, 2015).  
A difference in mineralogy of the Walloon Subgroup exists between the strata in the east and the 
Roma Shelf in the west. On the Roma Shelf, the Walloon Subgroup has increased chlorite contents, 
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as detected by Hylogger™. XRD analysis suggests that the chlorite minerals detected in the samples 
are an Fe-rich endmember, called chamosite. The formation of chamosite is poorly understood. 
Reducing conditions are crucial for the formations of this mineral, which may form through 
diagenesis of Fe-rich and SiO2-poor marine sediments comprising detrital particles from a lateritic 
weathering crust (Harder, 1978). However, it has been frequently suggested that volcanic ash can also 
be a source of iron for the formation of chamosite in a shallow marine environment (Sturesson, 2003). 
Hitherto, the Walloon Subgroup was considered nonmarine; however, this is contestable based on 
evidence of marine influence in the underlying strata previously thought to be non-marine (Martin, 
2017). U-Pb geochronology of the Walloon Subgroup and the overlying Springbok Sandstone has 
shown that these units show a different provenance trend with additional input from the Mossman 
Orogen (Hentschel et al., 2017). A change in drainage pattern and source area could have caused 
mineralogical differences between the Walloon Subgroup and Springbok Sandstone in the east and 
west of the Surat Basin; however, thin-section petrology suggests that the chlorite minerals within 
these units are authigenic and formed during deep burial (Hawlader, 1990; Bein, 2016).  
The interval correlated as Birkhead Formation in Mitchell 1 in the Eromanga Basin is similar in 
composition to the Walloon Subgroup and the Springbok Sandstone in the Surat Basin. Maximum 
depositional ages interpreted from geochronology of detrital zircon in sandstones from the top of the 
Birkhead Formation are similar to the Springbok Sandstone in the Surat Basin (153 Ma; Hentschel et 
al., 2017). An interpreted maximum depositional age for the base of the Birkhead Formation is 
consistent with the Hutton Sandstone (169 Ma; Hentschel et al., 2017). This could highlight the 
potential absence of the Walloon Subgroup in well 1 near the Nebine Ridge. The Adori Sandstone in 
Mitchell 1 also has a depositional age similar to the Springbok Sandstone in the Surat Basin 
(Hentschel et al., 2017), however, is mineralogically different, as it is quartz dominated, rich in 
kaolinite, but smectite is rare (Table 6-2; Figure 6-6). Exon (1976) suggested that the Adori Sandstone 
has a different (northerly) sediment source than the Springbok Sandstone in the Surat Basin. Detrital 
zircon age spectra of the Adori Sandstone in Mitchell 1 (Hentschel et al., 2017) are similar to the 
zircon provenance trends observed in the Springbok Sandstone on the Roma Shelf (recording 
additional input from the northerly lying Mossman Orogen), but their mineralogy does not reflect this 
similarity. The Nebine Ridge could have acted as a depositional divide between the Eromanga and 
Surat basins at the time of deposition of the Adori and Springbok sandstones, blocking volcanic 
influence from the east while still allowing input from the north. The Adori Sandstone, however, 
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contains large proportions of Jurassic age detrital zircon (Hentschel et al., 2017). Better drainage 
could have caused leaching and favoured formation of kaolinite over smectite.  
 
6.6.2! Application of Hylogger™ as a chemostratigraphic tool 
Distinct changes in mineralogy occur across formations in the Surat and Eromanga basins, which 
assist in their correlation (Figure 6-5). These were first suggested by Hawlader (1990) and were 
confirmed through Hylogger™ to be a basin wide occurrence.  Only the Springbok Sandstone and 
the Walloon Subgroup, though different in their lithology, are indistinguishable from the Hylogger™ 
scans, as both units record strong, syndepositional volcanic influence. Figure 6-10 shows gamma-ray 
log values versus smectite content of the Springbok Sandstone and the Walloon Subgroup in Indy 3, 
highlighting that these minerals occur independently of lithology as interpreted from wireline logs.  
 
Figure 6-10: Smectite volumes in Indy 3 (determined by Hylogger™) versus gamma-ray response 
(from O’Shea, 2016). 
The aim of this study was to apply the Hylogger™ system as a chemostratigraphic tool to test the 
lateral continuity of the subunits of the Walloon Subgroup, which, in the west, is influenced by 
erosion before the deposition of the Springbok Sandstone. To test the extent of the Springbok 
  
 
 
176 
Unconformity, applying hyperspectral scanning of core did not prove helpful, as both units record a 
similar mineralogy. Similarly, the subunits of the Walloon Subgroup are uniform in terms of primary 
minerals. Changes in clay mineralogy occur, but these are affected by the proximity to a volcanic 
source, and locally by drainage (e.g. leaching results in the formation of kaolinite) and provenance 
(e.g. increased white mica contents along the eastern basin margin). The absence of a smectite-rich 
horizon associated with the Upper Juandah Coal Measures in the west, however, could support the 
erosion of this unit on the Roma Shelf. The thickness of smectite-rich horizons within the Roma Shelf 
in the west is decreased, highlighting a general thinning of the Walloon Subgroup and its subunits, 
but also decreased volcanic influence in this area. Along the eastern margin of the basin, the Lower 
Juandah Coal Measures to Lower Taroom Coal Measures have increased white mica contents, 
causing high gamma-ray readings. The absence of white mica minerals in the Upper Juandah Coal 
Measures assists in differentiating between this and the underlying subunits.  
In the west, the Walloon Subgroup records increased chamosite contents. Depositional ages as 
interpreted from U-Pb geochronology of detrital zircon have shown that the Juandah Coal Measures, 
as originally correlated from wireline logs, in this area are significantly younger than their eastern 
equivalents and correlative with the Springbok Sandstone in the east. The Springbok Sandstone on 
the eastern basin margin, however, does not contain chamosite.  
The interval correlated as Birkhead Formation in Mitchell 1 is sandstone-dominated and coal-barren, 
but similar in composition to the Walloon Subgroup and the Springbok Sandstone in the Surat Basin 
and can therefore be identified in the Hylogger™ scans without difficulty (Figure 6-6). The Adori 
Sandstone has a similar wireline signature as the Birkhead Formation, recording low gamma-ray 
values. Hylogger™, however, showed that this unit contains significantly more quartz, but less 
swelling clays, which is therefore helpful in distinguishing between the Birkhead Formation and the 
Adori Sandstone.  
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6.7! Summary 
Hyperspectral scanning of core applying Hylogger™ technology (confirmed through XRD analysis) 
corroborates inter-formational, petrological cyclicity in the Surat Basin. The Hutton Sandstone, which 
immediately underlies the Walloon Subgroup, comprises predominantly quartz and kaolin, but also 
minor feldspar minerals. This corroborates that some sediment input occurred from a quartzose source 
in the continental interior during times of volcanic quiescence. This is further supported by a previous 
geochronology study of detrital zircon. 
The Walloon Subgroup and Springbok Sandstone generally contain less quartz than the Hutton 
Sandstone, but record increased volcanic influence, as these units are feldspar-rich and have increased 
smectite and kaolinite contents. Smectite contents are typically increased in the Springbok Sandstone 
and in the Durabilla Formation and the Upper Juandah Coal Measures of the Walloon Subgroup. In 
the central part of the Surat Basin, smectite occurs throughout the Walloon Subgroup. In the east, 
kaolinite is more common, which is probably due to increased drainage. White mica is abundant in 
the Walloon Subgroup along the eastern basin margin as well, recording local sourcing from the New 
England Orogen. On the Roma Shelf, smectite-rich horizons are thinner, following a general decrease 
in unit thickness and volcanic influence. The smectite-rich horizon associated with the Upper Juandah 
Coal Measures appears also absent on the Roma Shelf, highlighting erosional thinning in this area. 
Preserved Walloon and Springbok strata on the Roma Shelf are mineralogically different, as they 
contain increased amounts of the Fe-rich endmember of chlorite. This allows for speculation around 
potential marine influence. The Birkhead Formation in the Eromanga Basin has a similar composition 
to the Walloon Subgroup, but previous dating of detrital zircon showed that this unit is 
contemporaneous with the Springbok Sandstone in the Surat Basin, which has a similar mineralogy 
as well.  
Whereas chemostratigraphy via the Hylogger™ did not differentiate intra-Walloon units, limiting its 
applicability as a correlation tool, the study did show that the presence of smectite minerals is not 
limited to finer-grained units, but varies independently of lithology. This causes difficulties in the 
prediction of the magnitude of fines production from the gamma-ray log that is a significant problem 
in CSG production. 
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7! SYNTHESIS AND CONCLUSIONS 
7.1! Significance 
The overarching objective of this thesis was to understand the continuity and spatial variation of the 
Middle to Late Jurassic Walloon Subgroup in the Surat Basin, which are requirements for the 
prediction of potential CSG sweet spots (i.e., likely production fairways), as well as reservoir and 
production behaviour.  This thesis was undertaken in parallel with other major studies investigating 
the lithostratigraphic architecture of the Surat Basin (OGIA, 2014 and 2016), its sedimentology and 
alternative methods for static geological modelling (Shields & Esterle, 2015; Shields et al., 2017a and 
b), and the use of tuff age dating as a chronostratigraphic tool coupled with biostratigraphy (Wainman 
et al., 2017). This study complemented these by testing the correlations of subunits of the Walloon 
Subgroup, as well as the character of the coals and their interburdens through coal petrography, 
organic carbon isotope analysis, analysis of variation in mineralogy of the clastic interburdens, as 
well as detrital zircon provenance.  
Paper 1 presents the first organic stable carbon isotope record of the Walloon Subgroup. Integrated 
with coal petrography, this allowed not just for a characterisation of the allo- and authogenic drivers 
behind the palaeomire conditions, but also to tie these into global climatic events. A basin wide 
organic stable carbon isotope trend and positive excursion was used as a marker to test the lateral 
continuity of subunits of the Walloon Subgroup (paper 2). The findings are supported by maximum 
depositional ages derived from U-Pb geochronology of detrital zircon from the interburden sediments 
of the Walloon Subgroup and overlying Springbok Sandstone. The geochronological study presented 
in paper 3 also highlights inter-formational changes in detrital zircon provenance trends, as well as 
variation in detrital zircon provenance within the Walloon Subgroup throughout the Surat Basin. The 
composition of the clastic interburdens of the Walloon Subgroup, and neighbouring units was 
analysed through hyperspectral scanning of core applying Hylogger™ technology (chapter 6). 
Mineralogical changes are a result of diagenesis and provenance, and these follow the changes in 
detrital zircon provenance. This study allowed insight into sediment dispersal, but also highlighted 
the distribution of swelling clays, which impact on geotechnical and production behaviour of the 
Walloon Subgroup as an unconventional reservoir. The main findings, their implications and 
recommendations for future work are discussed below. 
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7.2! Petrographic and stable carbon isotopic composition of coal and implications 
for conditions of peat formation 
Papers 1 and 2 (chapters 3 and 4 of this thesis) present microscopic organic petrology data for coal 
samples from nine wells from the Roma Shelf in the west and the gas fairway along the north-eastern 
margin of the Surat Basin. The findings corroborated previous studies (Scott et al., 2007), but in 
combination with the stable carbon isotopes, the local basin trends were related to global climate 
trends. The coals of the Walloon Subgroup are dominated by telo- and detrovitrinite (34.6 vol. % 
mmf and 25.7 vol. % mmf on average across all wells and samples). The coals are generally liptinite 
rich (30.4 vol. % mmf across all wells and samples). The most common liptinite maceral is suberinite 
(22.7 vol. % mmf), which is frequently less than 0.25 mm in thickness. Suberinite macerals likely 
represent preserved suberin coatings of fine root-hairs, which helped to protect plants against 
desiccation and deleterious solutes. Horsetails (equisetalis), which are herbaceous plants known to be 
preserved in the coals of the Walloon Subgroup, develop dense mats of these fine root hairs. Inertinite 
macerals are uncommon and make up only 4.4 vol. % (mmf basis) of the coals maceral composition 
(across all samples and wells). While the composition of the coals is consistent through most seams 
of the Walloon Subgroup, the uppermost seams of the Upper Juandah Coal Measures record a sudden 
increase in inertinite contents (7.3 vol. % mmf across all samples from the Upper Juandah Coal 
Measures across all wells). Similarly, the coals of the overlying Springbok Sandstone have increased 
inertinite contents as well (21.1 vol. % mmf across all Springbok samples and wells), making them 
difficult to distinguish from the coals of the Upper Juandah Coal Measures. This trend to increased 
inertinite contents within the Upper Juandah Coal Measures and the Springbok Sandstone occurs 
across the entire study area (hypothesis 2, chapter 1.5). On average, the coals of the Walloon 
Subgroup contain 30.2 vol. % mineral matter.  
Megascopically, the coals of the Walloon Subgroup are dull or dull banded with bright bands that are 
commonly only 1 mm in thickness (frequency 64.6 %). Thicker bright bands are rare, and only occur 
in the lower seams of the Lower Taroom Coal Measures and the upper seams of the Lower Juandah 
Coal Measures. Microscopic analysis of etched samples containing thicker bright bands showed that 
these likely represent conifer wood, as indicated by their characteristic bordered pits.  
Based on micro- and megascopical analysis of the Walloon Subgroup, it can be concluded that the 
coals formed in a mainly herbaceous marsh or fen environment, in which large trees are rare or absent 
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(hypothesis 1, chapter 1.5). The maceral composition of the coals records wet conditions throughout 
the deposition of the Taroom Coal Measures and the Lower Juandah Coal Measures, followed by a 
shift to lower base levels and drier conditions (no standing water; late stage falling cycle of the high 
stand systems tract of the depositional sequence), creating exposed surfaces, which causes oxidation 
of plant material (i.e., formation of inertinite macerals).  
The first organic stable carbon isotope study of the Walloon Subgroup showed that the coals record 
a positive excursion in δ13C, which sets in in the Lower Juandah Coal Measures, before the jump to 
increased inertinite content recorded in the coals of the Upper Juandah Coal Measures. The gradual 
enrichment in 13C continues throughout the Juandah Coal Measures, and shifts back to more negative 
values in the coals of the Springbok Sandstone. Since the positive excursion is a basin wide 
occurrence (hypothesis 4, chapter 1.5), and does not follow the maceral composition of the coals, 
which is representative of local palaeoenvironmental conditions and the plant material preserved, it 
was concluded that this positive excursion represents a change in the global ocean-atmosphere carbon 
system. A positive excursion in stable carbon isotopic composition has been described for carbonate 
and fossilized wood samples from the same age interval, though the exact cause is uncertain. The 
turning point of the positive excursion, however, coincides with a change in Tethyan sedimentation 
patterns and a significant reorganisation of the oceanic current system (Louis-Schmid et al., 2007), 
which likely led to an increase in palaeotemperature. As a result, the production and burial of organic 
carbon increased, and 12C was continuously removed from the ocean system. This could have caused 
a positive excursion in δ13C in the mid-Oxfordian (Louis-Schmid et al., 2007). Increased rates of 
organic carbon burial also lead to an intermittent decrease of atmospheric pCO2, which can be 
reflected in more positive stable carbon isotope compositions in plants (Hesselbo et al., 2002; Gröcke, 
2002). This warming and drying trend, as reflected in the maceral composition of the coals, could 
have ultimately triggered falling base levels in the Surat Basin, as recorded in the Upper Juandah 
Coal Measures (hypothesis 3, chapter 1.5). 
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7.3! U-Pb geochronology and mineralogy of the Walloon Subgroup and 
implications for sediment provenance 
Paper 3 presents the first U-Pb geochronology study of detrital zircon from sandstone of the Walloon 
Subgroup and the over- and underlying Springbok and Hutton sandstones respectively. The Hutton 
Sandstone on the eastern margin of the Surat Basin (sampled at the top of the unit) records 
predominantly older detrital zircon, with age populations of ~570 Ma (Late Neoproterozoic) and ~880 
Ma (Early Neoproterozoic). Detrital zircon ages of ~570 Ma are common in Australia and in 
particular in the Tasmanides in Queensland, such as the Thomson Orogen. Detrital zircon ages of 
~880 Ma are characteristic of the onset of Rodinia rifiting, but these ages are uncommon for the 
Tasmanides in Queensland. Younger, Jurassic detrital zircon ages are rare, indicating volcanic 
quiescence during the time of deposition. The depositional age of the Hutton Sandstone in the east of 
the basin, as interpreted from detrital zircon geochronology is ~169 Ma (Middle Jurassic), which is 
in agreement with previously published CA-TIMS dates from tuffs (Wainman et al., 2015 and 2017).  
The Walloon Subgroup records mainly Jurassic detrital zircon ages, but also populations of ~570 Ma 
(Late Neoproterozoic), as well as ~1100 Ma (Late Mesoproterozoic). These detrital zircon ages are 
characteristic for the Thomson Orogen, north of the Surat Basin, and occur in the Walloon Subgroup 
and the Springbok Sandstone, as well as their lateral equivalents in the Eromanga Basin (Birkhead 
Formation and Adori Sandstone). Additional Early Permian (~280 Ma), Mid-Permian (~260 Ma) and 
Early Mesoproterozoic (~1540 Ma) detrital zircon populations were detected, but the Early Permian 
(~280 Ma) and Early Mesoproterozoic (~1540 Ma) populations occur exclusively in some of the 
stratigraphically younger samples from the Roma Shelf in the Surat Basin and the eastern Eromanga 
Basin. This indicates additional input from the New England Orogen (Early Permian detrital zircon 
ages) and the Mossman Orogen in north Queensland (Early Mesoproterozoic detrital zircon ages). 
Overall, this study corroborates a southerly trending palaeodrainage (Shields & Esterle, 2015), fed 
by westerly flowing tributaries during the deposition of the Walloon Subgroup (hypothesis 8, chapter 
1.5). Depositional ages interpreted from U-Pb geochronology of detrital zircon approximate 
previously published CA-TIMS ages of tuffs (Wainman et al., 2015 and 2017; hypothesis 6, chapter 
1.5), and show that the Juandah Coal Measures on the Roma Shelf are significantly younger than their 
equivalents in the eastern Surat Basin (hypothesis 7, chapter 1.5), but contemporaneous with the 
Springbok Sandstone in the east.   
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Hyperspectral scanning of core, which was confirmed through XRD analysis, corroborates 
petrological cyclicity between the Jurassic stratigraphic units of the Surat Basin (Hawlader, 1990), as 
well as changing detrital zircon provenance trends detected through U-Pb geochronology (hypothesis 
10, chapter 1.5). The clastic sediments of the Hutton Sandstone are typically quartz dominated in both 
the Surat and Eromanga basins (63.2 %) and contain some kaolin (16.8 %), but only minor feldspar 
(4.1 %), smectite (7.2 %), white mica (5.2 %) and other minerals (3.6 %). The sediments of the Hutton 
Sandstone were described to be derived from a quartzose source in the continental interior (Exon, 
1976; Hawlader, 1990). Hyperspectral scanning confirms the composition of the unit as described by 
Hawlader (1990), and U-Pb geochronology supports deposition during time of quiescence of a 
volcanic source, as well as (partial) sourcing from the west. In this study, geochronological analysis 
of detrital zircon was conducted on a sample from the top of the unit. The presence of both, Late 
Neoproterozoic (~570 Ma) and Early Neoproterozoic (~880 Ma) detrital zircon age populations, 
could indicate the transition from easterly drainage during the deposition of the Hutton Sandstone to 
southerly directed drainage, as recorded in the overlying Walloon Subgroup.  
The Walloon Subgroup and Springbok Sandstone in the Surat Basin have similar mineralogy. These 
units contain on average 28.1 % quartz, 34.2 % kaolin, 14.1 % smectite, 11.5 % K-feldspar, 4.4 % 
plagioclase, 2.7 % white mica and 5.3 % other minerals. The abundance of tuffs, and K-feldspar and 
smectite minerals, as well as Jurassic age detrital zircon supports contemporaneous volcanism during 
the time of deposition of the Walloon Subgroup and Springbok Sandstone. The proportions of primary 
minerals are consistent throughout the Walloon Subgroup, but changes in the proportion and types of 
clays occur based on the proximity to the volcanic source and timing of active volcanism, as well as 
locally due to drainage and provenance. In the east, some study wells record increased white mica 
contents, which typically occur between the Lower Juandah Coal Measures and the Taroom Coal 
Measures. This could indicate increased input from the easterly lying New England Orogen. No U-
Pb geochronological analysis of detrital zircon has been conducted on these wells to support this 
interpretation. In these wells, the same interval is also dominated by kaolin over smectite, supporting 
increased drainage or more humid weathering conditions. The Upper Juandah Coal Measures are 
typically smectite-rich, but further towards the north of the basin, the Walloon Subgroup generally 
has abundant smectite clays throughout. On the Roma Shelf, unit thickness, as well as the thickness 
of individual smectite-rich horizons decreases (hypothesis 11, chapter 1.5). The smectite-rich zone 
associated with the Upper Juandah Coal Measures appears absent that is likely due to erosion, as 
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supported by younger depositional ages for these strata, which are correlative with the Springbok 
Sandstone in the east of the Surat Basin. On the Roma Shelf, the Fe-rich endmember of chlorite 
(chamosite) was detected in the Walloon Subgroup and Springbok Sandstone. The formation of 
chamosite occurs under reducing conditions and requires a source of iron, which could be volcanic 
ash.  In this context, the formation of chamosite is sometimes associated with brackish or shallow 
marine influence. It is generally agreed that the Walloon Subgroup was deposited in an entirely 
terrestrial setting; however, this is contestable as marine influence was detected in underlying units, 
such as the Precipice Sandstone (Martin, 2017).  
The Springbok Sandstone is overlain by the Westbourne Formation, which is intermediate in 
composition and contains about 41.5 % quartz and has abundant kaolin (34.9 %), as well as smectite 
9.6 % in both the Eromanga and Surat basins. The Westbourne Formation transitions into the quartz 
dominated (64.0 %) Gubberamunda Sandstone, which has abundant kaolin (25.4 %), but minor 
feldspar (4.7 %), smectite (0.2 %) or other minerals (1.4 %). This follows the petrological cycles 
described in Hawlader (1990).  
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7.4! Spatial variation of the Walloon Subgroup 
Lateral changes in continuity and lithology of the Walloon Subgroup were suggested based on the 
interpretation of borehole geophysical data (OGIA, 2014 and 2016). These changes were namely 1.) 
the pinching of the lower (Taroom) coal measures towards the Nebine Ridge in the west of the Surat 
Basin and 2.) the erosion of the upper (Juandah) coal measures to the west, leaving a relatively coal-
barren unit (Tangalooma Sandstone) as the only unit that is continuous across the Nebine Ridge with 
the Birkhead Formation in the Eromanga Basin. The Tangalooma Sandstone, however, is variable in 
its lithology and shales out to the southeast of the Surat Basin. A test of these correlations (OGIA, 
2014 and 2016) is difficult due to the heterogeneity of the subunits of the Walloon Subgroup, 
discontinuity of the strata and longevity of palynostratigraphic zones. In particular the extent of 
incision of the Walloon Subgroup before the deposition of the overlying Springbok Sandstone is 
uncertain and difficult to test. The Springbok Sandstone contains coals as well, which have a similar 
maceral composition to the underlying Juandah Coal Measures. Both units also fall into the same 
spore-pollen zone (Murospora florida Association Zone), which causes further difficulties 
determining the hiatus between them. The presence of an unconformity was previously based on 
lithological evidence, such as erosional surfaces and pebble lags identified in core (e.g. Swarbrick, 
1973; Green et al., 1997), as well as a biostratigraphic hiatus between equivalent units in the 
Eromanga Basin (McKellar, 1998). With the assumption that sediment dispersal occurred from east 
to west, diachroneity from the eastern margin of the Surat Basin to the Roma Shelf (Wainman et al., 
2017), as well as from the Roma Shelf in the west to the Eromanga Basin (McKellar, 1998) was 
suggested. Analysis of subsurface image logs, however, showed that main drainage was south-
oriented, but fed by westward flowing tributary channels (Shields & Esterle, 2015). This correlation 
and conceptual model is supported by both the isotopic and zircon data. 
Organic stable carbon isotope analysis greatly assisted in testing the internal architecture of the 
Walloon Subgroup. A positive excursion in δ13C, which represents a change in the global ocean-
atmosphere carbon system, sets in in the Lower Juandah Coal Measures of the Walloon Subgroup 
throughout the Surat Basin. The least negative δ13C values are recorded in the Upper Juandah Coal 
Measures, before the stable carbon isotopic composition shifts back to more negative values in the 
coals of the Springbok Sandstone. In the northwest of the Roma Shelf (borehole Indy 3), two positive 
excursions in δ13C were observed. The first one is less significant and sets in in the upper Taroom 
Coal Measures, where it also reaches the least negative values of this positive excursion. More 
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negative values are then recorded in coals of the Tangalooma Sandstone. A second positive excursion 
sets in and also shifts back to more negative values within the Juandah Coal Measures, as originally 
correlated by the CSG company. In all other study wells, the turning point of the positive excursion 
occurs across the Springbok Unconformity. It is likely that the Juandah Coal Measures on the Roma 
Shelf were eroded significantly and that the coals of the overlying Springbok Sandstone were 
incorrectly classified as the coals of the Juandah Coal Measures. Based on the positive stable carbon 
isotopic excursion, the depth of the Springbok Unconformity on the Roma Shelf was initially adjusted 
to an erosive contact within the Juandah Coal Measures, which was observed upon investigation of 
core.  
Maximum depositional ages interpreted from U-Pb geochronology of detrital zircon from sandstone 
(presented in paper 3) suggested that the extent of incision of the Walloon Subgroup in the west is 
even more significant than described above (paper 2). On the Roma Shelf, youngest detrital zircon 
ages of <152 Ma are recorded in the Juandah Coal Measures. In the east, depositional ages of the 
Juandah Coal Measures are approximately between 161-157 Ma (Wainman et al., 2017). New 
maximum depositional ages for the Springbok Sandstone in the east of the Surat Basin, which were 
interpreted from detrital zircon age dates, show that this unit has similar depositional ages as the 
Juandah Coal Measures on the Roma Shelf, supporting a higher degree of incision and the occurrence 
of initial correlation errors (Figure 6-4). The Juandah Coal Measures and the Springbok Sandstone 
can easily be mistaken, as both stratigraphic units contain coals with similar maceral composition and 
their clastic interburdens have a similar mineralogical composition, as shown by the Hylogger™ 
scans. This study showed that the younger strata on the Roma Shelf are correlative with the Springbok 
Sandstone in the east. In the Indy 3 well in the west, the Springbok Unconformity should be picked 
at the turning point of the first positive excursion described above (Figure 6-4). Below the turning 
point, maximum depositional ages match those recorded in the east of the Surat Basin. The stable 
carbon isotope record presented in papers 1 and 2 included very few data for the Springbok Sandstone, 
but indicated an initial shift back to more negative δ13C values across the Springbok Unconformity. 
A more detailed dataset was compiled for the Springbok Sandstone in the east of the Surat Basin 
(borehole Chinchilla 4, presented in chapter 6, Figure 6-4), confirming this, but also showing another 
positive excursion which sets in after. This explains why two excursions were observed in Indy 3 on 
the Roma Shelf.  
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Mineralogical variation as detected by Hylogger™ did assist to highlight inter-formational changes 
in mineralogy, but has limited application for intra-Walloon correlation, as the mineralogy of the 
unit’s clastic interburden varies independently of lithology and is locally influenced by provenance, 
diagenesis and proximity to a volcanic source supplying ash and lithics into the basin. Hyperspectral 
scanning, however, does supports the interpretation of erosion of the Upper Juandah Coal Measures 
on the Roma Shelf, as the smectite-rich horizon that is associated with this subunit along the north-
eastern margin of the basin appears absent. Similarly, a smectite-rich layer that is associated with the 
Durabilla Formation throughout the Surat Basin was not detected on the Roma Shelf. This could be 
interpreted as thinning or pinching through on lapping onto the Roma Shelf, but requires further 
research.  
The continuity of the Walloon Subgroup with the Birkhead Formation in the Eromanga Basin in study 
well Mitchell 1 directly west of the Nebine Ridge is uncertain. Maximum depositional ages dates 
interpreted from U-Pb detrital zircon ages dates show that the top of the Birkhead Formation (as 
determined by the Geological Survey of Queensland) in Mitchell 1 records ages similar to the 
Springbok Sandstone in the Surat Basin. A sample taken from the bottom of the Birkhead Formation 
yielded maximum depositional ages, which match those of the top of the Hutton Sandstone in the 
Surat Basin. The Birkhead Formation in Mitchell 1 is particularly smectite-rich. Since both the 
Walloon Subgroup and the Springbok Sandstone in the Surat Basin record a similar mineralogy, it 
could be possible that the Birkhead Formation in this study well is correlative with the Springbok 
Sandstone, as suggested by U-Pb geochronology. Organic stable carbon isotope analysis could not be 
applied as a correlation aid for well Mitchell 1, as the Birkhead Formation is entirely coal-barren. The 
continuity of the Adori Sandstone in Mitchell 1 and Springbok Sandstone in the Surat Basin is also 
uncertain. Both units record similar detrital zircon provenance, but show significant differences in 
mineralogy, which requires further research into their palaeoenvironmental conditions.   
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7.5! Implications and recommendations for future work 
7.5.1! Coal-forming flora and environment 
The petrographic characterisation of the Walloon Subgroup showed that the coals record a change 
from rising to high base levels throughout the Taroom and Lower Juandah Coal Measures to falling 
base levels during the deposition of the Upper Juandah Coal Measures, as evidenced by increased 
contents of oxidized material (inertinite). Despite the fluctuations in base level, the types of plant 
material preserved in the coals of the Walloon Subgroup appear to be consistent. The coals record the 
presence of mostly smaller, herbaceous plants, rather than big trees. Particularly characteristic is the 
presence of dense root mats. If these come from a plant community that can survive changed base 
level conditions should be tested through phyteral analysis through etching of the coals, as well as 
palynological analysis. Detailed palynological analysis is necessary particularly in the west, where 
marine influence is suggested by the presence of chamosite. The palynological subdivision of the 
Walloon Subgroup is also required for the purpose of correlation.  
Further petrographic and stable carbon isotope analysis should be conducted for the coals of the 
Springbok Sandstone. Existing data is sparse, as these coals are not a target for CSG production, but 
show that the petrographic composition of the coals of the Springbok Sandstone is similar to those of 
the Upper Juandah Coal Measures.  Stable carbon isotope analysis of the coals of the Springbok 
Sandstone in Chinchilla 4 showed less negative δ13C values. If this is influenced by local 
palaeoenvironmental conditions or representative of a global change in the ocean-atmosphere carbon 
pool, requires further study.  
 
7.5.2! Provenance and dispersal 
Hyperspectral scanning of core showed increased white mica contents of the clastic interburdens of 
the Walloon Subgroup exclusively on the eastern basin margin, where the New England Orogen 
borders the Surat Basin. If this is attributed to sourcing from the New England Orogen to the east, U-
Pb geochronology of detrital zircon should show larger proportions of Permian age grains. 
The quartzose Hutton Sandstone (sample taken from top Hutton Sandstone) has detrital zircon age 
populations of predominantly 570 Ma, as well as 880 Ma. While the Late Neoproterozoic detrital 
zircon ages are common throughout Queensland and the Tasmanides, Early Neoproterozoic ages are 
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rare. Further U-Pb geochronology of detrital zircon from the Hutton Sandstone should be performed 
in order to test if these Middle Jurassic sediments are derived from the continental interior, as opposed 
to a northerly lying source.  
U-Pb geochronology has proven to be a reliable tool to determine maximum depositional ages of the 
Walloon Subgroup. Further analysis should be conducted on the Taroom Coal Measures, in particular 
in the west and on the Roma Shelf, to corroborate incision and/or peneplanation of the Walloon 
Subgroup to the west, as opposed to diachroneity. This could shed light on the continuity of the 
Walloon Subgroup with the Birkhead Formation across the Nebine Ridge, which is required, as the 
results of the U-Pb geochronology and hyperspectral study are ambiguous.  
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9! APPENDICES 
9.1! Appendix A - Conference abstracts 
 
The Society for Organic Petrology conference (2014) abstract 
 
Palaeoenvironmental conditions during the deposition of the Upper 
Juandah Coal Measures, Surat Basin, Queensland 
 
Hentschel, A., Esterle, J.S., Golding, S.D. 
The School of Earth and Environmental Sciences, University of Queensland, Brisbane, QLD, 
Australia 
 
  
ABSTRACT 
The Middle Jurassic Walloon Subgroup is a productive, low-rank coal seam gas source in the Surat 
Basin, Queensland, Australia. It can be subdivided from top to bottom into Juandah Coal Measures, 
Tangalooma Sandstone, Taroom Coal Measures and the Durabilla Formation. It is generally accepted 
that the Walloon Coals were deposited in an alluvial plain setting within an intra-cratonic basin, 
without any recorded marine influence. Due to the fluvial-lacustrine depositional setting, the Walloon 
coals are heterogeneous and coal seam splitting is frequent over the entire Basin. The major coal 
bearing measures are the Juandah and the Taroom Coal Measures, which are subdivided into nine 
coal seams (Martin et al., 2013). The coals were interpreted to have formed in forest and herbaceous 
swamp environments, without any periods of dehydration-oxidation (Salehy, 1986). However, work 
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by Scott et al. (2007) suggests that the Upper Juandah Coal Measures were subjected to oxidizing 
conditions, like bush fires.  
To evaluate the environmental conditions during the deposition of the Upper Juandah Coal Measures, 
a detailed petrographic and stable isotopic study on selected coal samples from Surat Basin wells was 
conducted. The petrographic study shows that inertinite is abundant in the upper coal seams of the 
Juandah Coal Measures, but the inertinite content decreases towards the Lower Juandah Coal 
Measures. The botanical and chemical precursors of inertinite are lignin and cellulose, which have 
undergone different fusinitization processes prior to deposition or at the surface of the peat. These 
processes include desiccation, oxidation, charring, fungal attack and mouldering. The most common 
inertinite maceral found in samples of the study wells is inertodetrinite. After bush or swamp fires, 
pieces of charcoal on dried out peat surfaces are easily blown away by the wind and accumulate and 
sediment in standing water. The stable isotopic analysis shows a distinct positive shift for the stable 
carbon isotopic composition towards the top of the sequence of the Upper Juandah Coal Measures 
compared to the rest of the formation. The enrichment in 13C can be linked to a change in maceral 
composition or a shift in climate.  However, a shift to more negative compositions, which can be 
noticed in the overlying basal Springbok, indicates that the stable carbon isotopes are rather 
responding to a larger allogenic shift than to a local change in inertinite content. A shift to a warmer, 
less humid climate could have favoured the conditions for a drying out and for bush fires. A shift in 
groundwater index (Kalkreuth et al., 1991) within the Upper Juandah Coal Measures also supports 
the hypothesis of decreasing water availability, more oxidizing conditions and therefore a change in 
palaeoenvironmental conditions.  
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The Society for Organic Petrology conference (2015) abstract 
 
Coal-forming flora of the Walloon Subgroup, Surat Basin, Queensland, 
Australia 
 
Hentschel, A., Esterle, J.S. 
The School of Earth and Environmental Sciences, University of Queensland, Brisbane, QLD, 
Australia 
 
ABSTRACT 
The Walloon Subgroup is a productive, low-rank coal seam gas source in the Surat Basin, 
Queensland. It is unconformably overlain by the Springbok Sandstone, which also contains thin coal 
seams and can be subdivided into upper (Juandah) and lower (Taroom) coal measures, separated by 
a relatively barren sandstone unit (Tangalooma Sandstone).  
These subunits contain differing proportions of coal, sandstone, and heterolithics and were interpreted 
to have formed in an alluvial setting under changing base level. The lower coals are commonly thick, 
associated with sandstones and interpreted to form as base level is rising, creating sodden anoxic 
conditions for peat accumulation. The middle subunit contains fewer and thinner coals, and transitions 
upwards from sandstone to siltstone dominated sequence which then coarsens upward in both grain 
size and coal thickness where the sequence is not eroded by the overlying Springbok Sandstone.  Fine 
microlayering and high abundance of root suberinite and telo- and detrovitrinite indicate that the coals 
have formed in a wet forest and herbaceous swamp environment, without any extended periods of 
dehydration-oxidation until the deposition of the Upper Juandah Coal Measures that contain greater 
amounts of inertinite group macerals. 
The Walloon Coal Measures preserve indicators for a rich understorey consisting of dicksonicean, 
osmundacean and dipteridacean ferns, liverworts, lycophytes (clubmosses), equisetaleans 
(horsetails), the pentoxylacean taeniopteris and bennettitaleans (Rees et al., 2000; Sellwood and 
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Valdes, 2008; Kear and Hamilton-Bruce, 2011). The main canopy elements were araucarian and 
podocarp conifers (Kear and Hamilton-Bruce, 2011).  
The growth and persistence of these botanical communities is controlled by environmental factors 
such as base level, redox conditions, pH and salinity in the peat mire. Shifting depositional and 
environmental regimes and therefore changes in botanical communities should be reflected in the 
petrographic and stable isotopic composition of the coals, as well as in the preservation of the coal’s 
identifiable plant matter as phyterals. Phyterals are the plant’s cellular structures preserved in the 
coals and become visible after etching. This study aims to use phyteral analysis combined with 
petrographic and stable isotopic analysis as a proxy for environmental changes between seams of the 
Walloon Subgroup.  
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REES, P.M., ZIEGLER, A.M., VALDES, P.J., 2000. Jurassic phytogeography and climates: new 
data and model comparison. In (Huber, B. T., MacLeod, K. G., Wing, S. T.;eds) Warm Climates in 
Earth History. Cambridge University Press, Cambridge, pp. 297-318. 
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Australian Petroleum Production and Exploration Association 
conference (2016) abstract 
!
The Use of Stable Carbon Isotope Trends as a Correlation Tool 
 -  
An Example from the Surat Basin, Queensland, Australia 
 
Hentschel, A., Esterle, J.S., Golding, S.D. 
The School of Earth and Environmental Sciences, University of Queensland, Brisbane, QLD, 
Australia 
 
ABSTRACT 
The Surat Basin’s Middle Jurassic Walloon Coal Measures (WCM) are a productive coal seam gas 
source in Queensland, Australia. The WCM can be subdivided into Upper and Lower Juandah Coal 
Measures and the Taroom Coal Measures, which are separated by the Tangalooma Sandstone, which 
is difficult to correlate across the basin. The WCM underlie the Springbok Sandstone that has an 
erosive base, which in places incises the Juandah Coal Measures. The unconformable base is currently 
dated as Oxfordian in age. The deposition of the Springbok Sandstone coincides with a global fall in 
sea level and a decline in temperature as a consequence of excess carbon burial and decreased levels 
of atmospheric CO2. Within the WCM, correlation of stratigraphic units or individual coal seams is 
challenging. The aim of this study is to use organic stable carbon isotope trends as a correlation-tool 
within the Surat Basin’s WCM and overlying Springbok Sandstone.  In order to detect up-section 
trends, a suite of coal samples was taken from several wells across the Surat Basin and analysed for 
their stable carbon isotopic composition (δ13C).  For all wells, a gradual enrichment in 13C occurs in 
the Lower Juandah Coal Measures, with the least negative δ13C–values within the Upper Juandah 
Coal Measures, followed by a jump back to more negative δ13C–values for samples of the Springbok 
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Sandstone.  These trends allow for a more confident correlation of subunits and to identify areas in 
which the Juandah Coal Measures were incised by the overlying Springbok Sandstone.  
 
Keywords:  
Walloon Coal Measures, Surat Basin, Organic Stable Carbon Isotope Analysis, Stratigraphic 
Markers, Correlation Tool  
 
9.2! Appendix B - Maceral composition of all study wells  
(500 counts per sample)
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9.3! Appendix C - Organic stable carbon isotope analysis  
(all samples measured in duplicate and shown as average per sample) 
Well$name$ Sample'ID* Depth*from*(m)* Depth*to*(m)* Formation*
δ13C*(‰*
VPDB)*
Indy_3' IDY$17' 139.2' 139.24' Juandah'Coal'Measures'Lower' $23.8'
Indy_3' IDY$18' 139.55' 139.57' Juandah'Coal'Measures'Lower' $23.7'
Indy_3' IDY$4' 149.54' 149.55' Juandah'Coal'Measures'Lower' $24.3'
Indy_3' IDY$5' 151.4' 151.42' Juandah'Coal'Measures'Lower' $25.1'
Indy_3' IDY$6' 156.7' 156.73' Juandah'Coal'Measures'Lower' $24.7'
Indy_3' IDY$7' 159.75' 159.78' Juandah'Coal'Measures'Lower' $24.4'
Indy_3' IDY$20' 163.15' 163.17' Juandah'Coal'Measures'Lower' $24.5'
Indy_3' IDY$21' 190.49' 190.51' Juandah'Coal'Measures'Lower' $21.7'
Indy_3' IDY$8' 193.46' 193.51' Juandah'Coal'Measures'Lower' $21.2'
Indy_3' IDY$9' 196.64' 196.68' Juandah'Coal'Measures'Lower' $22.0'
Indy_3' IDY$10' 207.3' 207.32' Juandah'Coal'Measures'Lower' $23.4'
Indy_3' IDY$22' 237.34' 237.37' Juandah'Coal'Measures'Lower' $21.8'
Indy_3' IDY$23' 241.68' 241.69' Juandah'Coal'Measures'Lower' $23.6'
Indy_3' IDY$24' 242.51' 242.54' Juandah'Coal'Measures'Lower' $24.3'
Indy_3' IDY$11' 243.83' 243.87' Juandah'Coal'Measures'Lower' $24.4'
Indy_3' IDY$25' 247.72' 247.74' Juandah'Coal'Measures'Lower' $24.6'
Indy_3' IDY$12' 252.06' 252.1' Juandah'Coal'Measures'Lower' $23.9'
Indy_3' IDY$26' 252.94' 253' Juandah'Coal'Measures'Lower' $24.5'
Indy_3' IDY$27' 256.44' 256.46' Juandah'Coal'Measures'Lower' $23.9'
Indy_3' IDY$13' 256.97' 257.04' Juandah'Coal'Measures'Lower' $23.7'
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Indy_3' IDY$14' 294.25' 294.28' Taroom'Coal'Measures' $22.9'
Indy_3' IDY$16' 306.42' 306.48' Taroom'Coal'Measures' $23.2'
Indy_3' IDY$28' 329.91' 329.97' Taroom'Coal'Measures' $25.2'
Indy_3' IDY$29' 330.64' 330.67' Taroom'Coal'Measures' $25.4'
Indy_3' IDY$30' 351.35' 351.41' Taroom'Coal'Measures' $23.4'
Indy_3' IDY$31' 351.6' 351.63' Taroom'Coal'Measures' $23.3'
Indy_3' IDY$32' 351.97' 352' Taroom'Coal'Measures' $23.8'
Southleigh_1' SH1_004D_CQ' 708.4' 708.6' Juandah'Coal'Measures'Lower' $23.4'
Southleigh_1' SH1_005D_CQ' 712.1' 712.5' Juandah'Coal'Measures'Lower' $22.5'
Southleigh_1' SH1_006D_CQ' 712.7' 713.2' Juandah'Coal'Measures'Lower' $23.0'
Southleigh_1' SH1_007D_CQ' 731.8' 732.2' Juandah'Coal'Measures'Lower' $24.0'
Southleigh_1' SH1_008D_CQ' 743' 743.4' Juandah'Coal'Measures'Lower' $24.4'
Southleigh_1' SH1_009D_CQ' 744.5' 744.9' Juandah'Coal'Measures'Lower' $24.4'
Southleigh_1' SH1_002D_CQ' 662.7' 663.4' Juandah'Coal'Measures'Upper' $21.7'
Southleigh_1' SH1_003D_CQ' 661.6' 662' Juandah'Coal'Measures'Upper' $22.0'
Southleigh_1' SH1_001D_CQ' 602.8' 603.1' Springbok'Sandstone' $25.2'
Southleigh_1' SH1_010D_CQ' 759.3' 759.7' Tangalooma'Sandstone' $25.2'
Southleigh_1' SH1_011D_CQ' 760.6' 761' Tangalooma'Sandstone' $24.4'
Southleigh_1' SH1_012D_CQ' 795.6' 796' Tangalooma'Sandstone' $24.2'
Southleigh_1' SH1_013D_CQ' 822.4' 822.8' Taroom'Coal'Measures' $25.0'
Southleigh_1' SH1_015D_CQ' 843.5' 844' Taroom'Coal'Measures' $25.2'
Southleigh_1' SH1_016D_CQ' 863.1' 863.5' Taroom'Coal'Measures' $24.6'
Southleigh_1' SH1_017D_CQ' 867.8' 868.1' Taroom'Coal'Measures' $24.4'
Southleigh_1' SH1_018D_CQ' 887.3' 888' Taroom'Coal'Measures' $23.5'
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WW_107' 5' 167' 167.4' Juandah'Coal'Measures'Upper' $22.8'
WW_107' 8' 167.8' 168.1' Juandah'Coal'Measures'Upper' $22.4'
WW_107' 10' 181.3' 181.5' Juandah'Coal'Measures'Upper' $22.0'
WW_107' 13' 183.2' 183.4' Juandah'Coal'Measures'Upper' $22.6'
WW_107' 14' 183.9' 184.3' Juandah'Coal'Measures'Upper' $22.5'
WW_107' 17' 184.9' 185.3' Juandah'Coal'Measures'Upper' $22.8'
WW_107' 19' 186.9' 187.2' Juandah'Coal'Measures'Upper' $22.3'
WW_107' 23' 190' 190.1' Juandah'Coal'Measures'Upper' $22.0'
WW_107' 25' 190.5' 190.9' Juandah'Coal'Measures'Upper' $21.8'
WW_107' 26' 263.9' 264.3' Juandah'Coal'Measures'Upper' $22.0'
WW_107' 27' 269.7' 270' Juandah'Coal'Measures'Upper' $20.9'
WW_107' 29' 272' 272.3' Juandah'Coal'Measures'Upper' $21.0'
WW_107' 30' 283.2' 283.6' Juandah'Coal'Measures'Upper' $21.4'
WW_107' 32' 286.6' 286.8' Juandah'Coal'Measures'Upper' $23.2'
WW_107' 33' 288.2' 288.4' Juandah'Coal'Measures'Upper' $23.3'
WW_107' 35' 290.6' 290.8' Juandah'Coal'Measures'Upper' $22.5'
WW_107' 36' 293.8' 294.1' Juandah'Coal'Measures'Upper' $22.5'
WW_107' 37' 319.6' 320.1' Juandah'Coal'Measures'Upper' $22.9'
WW_107' 1' 147.7' 148.1' Springbok'Sandstone' $24.1'
WW_107' 4' 148.7' 149.1' Springbok'Sandstone' $24.2'
Guluguba_2' GG8' 178.79' 178.84' Juandah'Coal'Measures'Lower' $23.0'
Guluguba_2' GG9' 207.31' 207.34' Juandah'Coal'Measures'Lower' $22.7'
Guluguba_2' GG11' 226.05' 226.11' Juandah'Coal'Measures'Lower' $22.3'
Guluguba_2' GG31' 272.98' 273' Juandah'Coal'Measures'Lower' $23.6'
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Guluguba_2' GG34' 280.01' 280.04' Juandah'Coal'Measures'Lower' $24.5'
Guluguba_2' GG12' 297.04' 297.08' Juandah'Coal'Measures'Lower' $24.5'
Guluguba_2' GG13' 318.58' 318.61' Juandah'Coal'Measures'Lower' $24.1'
Guluguba_2' GG14' 337.41' 337.42' Juandah'Coal'Measures'Lower' $23.7'
Guluguba_2' GG15' 351.42' 351.44' Juandah'Coal'Measures'Lower' $25.0'
Guluguba_2' GG4' 155.21' 155.31' Juandah'Coal'Measures'Upper' $22.5'
Guluguba_2' GG21' 156.66' 156.68' Juandah'Coal'Measures'Upper' $22.4'
Guluguba_2' GG20' 157.45' 157.52' Juandah'Coal'Measures'Upper' $22.4'
Guluguba_2' GG22' 158.83' 158.88' Juandah'Coal'Measures'Upper' $22.5'
Guluguba_2' GG23' 162.57' 162.63' Juandah'Coal'Measures'Upper' $22.1'
Guluguba_2' GG24' 163.51' 163.55' Juandah'Coal'Measures'Upper' $22.2'
Guluguba_2' GG26' 165.36' 165.4' Juandah'Coal'Measures'Upper' $23.1'
Guluguba_2' GG5' 168.13' 168.17' Juandah'Coal'Measures'Upper' $22.4'
Guluguba_2' GG2' 138.34' 138.41' Springbok'Sandstone' $24.2'
Guluguba_2' GG36' 404.05' 404.09' Taroom'Coal'Measures' $24.7'
Guluguba_2' GG16' 415.48' 415.51' Taroom'Coal'Measures' $23.7'
Guluguba_2' GG18' 432.65' 432.68' Taroom'Coal'Measures' $23.4'
Guluguba_2' GG38' 449.32' 449.34' Taroom'Coal'Measures' $25.0'
Guluguba_2' GG19' 485.96' 485.98' Taroom'Coal'Measures' $24.2'
Guluguba_2' GG39' 486.34' 486.39' Taroom'Coal'Measures' $23.8'
Guluguba_2' GG17' 533.53' 533.55' Taroom'Coal'Measures' $24.2'
Pinelands_4' QGC3655' 432.82' 433.6' Juandah'Coal'Measures'Lower' $23.2'
Pinelands_4' QGC3657' 466.51' 466.84' Juandah'Coal'Measures'Lower' $22.1'
Pinelands_4' QGC3658' 466.84' 467.57' Juandah'Coal'Measures'Lower' $23.2'
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Pinelands_4' QGC3661' 502.23' 502.61' Juandah'Coal'Measures'Lower' $23.9'
Pinelands_4' QGC3662' 503.04' 503.66' Juandah'Coal'Measures'Lower' $24.1'
Pinelands_4' QGC3663' 504.07' 504.62' Juandah'Coal'Measures'Lower' $24.8'
Pinelands_4' QGC3664' 511.35' 511.75' Juandah'Coal'Measures'Lower' $23.3'
Pinelands_4' QGC3665' 511.75' 512.46' Juandah'Coal'Measures'Lower' $24.0'
Pinelands_4' QGC3666' 518.82' 519.17' Juandah'Coal'Measures'Lower' $24.5'
Pinelands_4' QGC3667' 522.48' 523.28' Juandah'Coal'Measures'Lower' $23.9'
Pinelands_4' QGC3668' 524.65' 525.14' Juandah'Coal'Measures'Lower' $24.2'
Pinelands_4' QGC3634' 307.2' 307.63' Juandah'Coal'Measures'Upper' $24.1'
Pinelands_4' QGC3635' 311.6' 312.1' Juandah'Coal'Measures'Upper' $24.2'
Pinelands_4' QGC3636' 330.3' 330.8' Juandah'Coal'Measures'Upper' $22.3'
Pinelands_4' QGC3637' 333' 331.5' Juandah'Coal'Measures'Upper' $22.5'
Pinelands_4' QGC3639' 334.4' 334.7' Juandah'Coal'Measures'Upper' $22.8'
Pinelands_4' QGC3641' 358.3' 359.1' Juandah'Coal'Measures'Upper' $22.6'
Pinelands_4' QGC3642' 359.1' 359.9' Juandah'Coal'Measures'Upper' $22.4'
Pinelands_4' QGC3644' 360.7' 361.4' Juandah'Coal'Measures'Upper' $21.7'
Pinelands_4' QGC3645' 361.4' 361.8' Juandah'Coal'Measures'Upper' $21.4'
Pinelands_4' QGC3646' 361.79' 362.43' Juandah'Coal'Measures'Upper' $23.8'
Pinelands_4' QGC3647' 362.43' 363.06' Juandah'Coal'Measures'Upper' $22.5'
Pinelands_4' QGC3648' 363.06' 363.88' Juandah'Coal'Measures'Upper' $24.6'
Pinelands_4' QGC3649' 363.88' 364.6' Juandah'Coal'Measures'Upper' $21.6'
Pinelands_4' QGC3650' 364.6' 365.15' Juandah'Coal'Measures'Upper' $21.2'
Pinelands_4' QGC3651' 365.15' 365.78' Juandah'Coal'Measures'Upper' $21.3'
Pinelands_4' QGC3652' 366.02' 366.55' Juandah'Coal'Measures'Upper' $21.8'
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Pinelands_4' QGC3669' 614.16' 614.87' Taroom'Coal'Measures' $23.6'
Pinelands_4' QGC3670' 617.49' 618.12' Taroom'Coal'Measures' $24.0'
Pinelands_4' QGC3672' 650.61' 651.05' Taroom'Coal'Measures' $24.1'
Pinelands_4' QGC3673' 653.37' 654.17' Taroom'Coal'Measures' $24.6'
Pinelands_4' QGC3674' 656.58' 657.38' Taroom'Coal'Measures' $24.3'
Pinelands_4' QGC3675' 657.38' 658.14' Taroom'Coal'Measures' $24.0'
Pinelands_4' QGC3677' 664.6' 665.03' Taroom'Coal'Measures' $24.6'
Pinelands_4' QGC3679' 675.96' 676.31' Taroom'Coal'Measures' $23.9'
Pinelands_4' QGC3680' 677.48' 678.01' Taroom'Coal'Measures' $23.5'
Pinelands_4' QGC3681' 680.03' 680.76' Taroom'Coal'Measures' $24.4'
Pinelands_4' QGC3683' 691.82' 692.51' Taroom'Coal'Measures' $23.6'
Jordan_3' QGC3494' 438.69' 439.47' Juandah'Coal'Measures'Lower' $23.9'
Jordan_3' QGC3476' 336.93' 337.55' Juandah'Coal'Measures'Upper' $23.8'
Jordan_3' QGC3477' 337.55' 338.07' Juandah'Coal'Measures'Upper' $22.5'
Jordan_3' QGC3479' 348.14' 348.94' Juandah'Coal'Measures'Upper' $22.5'
Jordan_3' QGC3480' 349.09' 349.88' Juandah'Coal'Measures'Upper' $22.7'
Jordan_3' QGC3481' 370.66' 371.46' Juandah'Coal'Measures'Upper' $22.0'
Jordan_3' QGC3482' 371.79' 372.58' Juandah'Coal'Measures'Upper' $21.9'
Jordan_3' QGC3483' 372.58' 373.37' Juandah'Coal'Measures'Upper' $21.9'
Jordan_3' QGC3484' 373.38' 374.17' Juandah'Coal'Measures'Upper' $21.5'
Jordan_3' QGC3485' 374.14' 374.96' Juandah'Coal'Measures'Upper' $21.1'
Jordan_3' QGC3486' 379.9' 380.57' Juandah'Coal'Measures'Upper' $22.7'
Jordan_3' QGC3488' 394.73' 395.53' Juandah'Coal'Measures'Upper' $21.1'
Jordan_3' QGC3489' 403.66' 404.28' Juandah'Coal'Measures'Upper' $23.4'
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Jordan_3' QGC3490' 407.54' 407.87' Juandah'Coal'Measures'Upper' $24.0'
Jordan_3' QGC3491' 413.46' 413.94' Juandah'Coal'Measures'Upper' $22.9'
Jordan_3' QGC3492' 416.35' 417.11' Juandah'Coal'Measures'Upper' $22.7'
Jordan_3' QGC3495' 455.93' 456.48' Juandah'Coal'Measures'Lower' $25.0'
Jordan_3' QGC3496' 476.07' 476.61' Juandah'Coal'Measures'Lower' $24.3'
Jordan_3' QGC3497' 477.5' 478.1' Juandah'Coal'Measures'Lower' $24.9'
Jordan_3' QGC3498' 481' 481.4' Juandah'Coal'Measures'Lower' $24.8'
Jordan_3' QGC3499' 482.81' 483.16' Juandah'Coal'Measures'Lower' $24.8'
Jordan_3' QGC3500' 484.02' 484.44' Juandah'Coal'Measures'Lower' $24.8'
Jordan_3' QGC3501' 484.44' 484.87' Juandah'Coal'Measures'Lower' $23.7'
Jordan_3' QGC3502' 485.1' 485.86' Juandah'Coal'Measures'Lower' $24.5'
Jordan_3' QGC3504' 492.72' 493.06' Juandah'Coal'Measures'Lower' $24.5'
Jordan_3' QGC3505' 493.06' 493.46' Juandah'Coal'Measures'Lower' $24.6'
Jordan_3' QGC3506' 514.82' 515.18' Tangalooma'Sandstone' $25.1'
Jordan_3' QGC3507' 548.92' 549.46' Taroom'Coal'Measures' $24.2'
Jordan_3' QGC3508' 549.91' 550.32' Taroom'Coal'Measures' $25.1'
Jordan_3' QGC3509' 553.17' 553.82' Taroom'Coal'Measures' $24.2'
Jordan_3' QGC3510' 554.97' 555.66' Taroom'Coal'Measures' $23.8'
Jordan_3' QGC3511' 556.86' 557.66' Taroom'Coal'Measures' $24.3'
Jordan_3' QGC3514' 591.73' 592.21' Taroom'Coal'Measures' $24.4'
Jordan_3' QGC3515' 593.02' 593.82' Taroom'Coal'Measures' $24.2'
Jordan_3' QGC3516' 603.68' 604.39' Taroom'Coal'Measures' $24.6'
Jordan_3' QGC3517' 619.68' 620.19' Taroom'Coal'Measures' $24.0'
Jordan_3' QGC3518' 625.88' 626.42' Taroom'Coal'Measures' $24.5'
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Jordan_3' QGC3519' 628.81' 629.54' Taroom'Coal'Measures' $24.1'
Jordan_3' QGC3520' 632.85' 633.3' Taroom'Coal'Measures' $23.7'
Jordan_3' QGC3521' 633.3' 634.11' Taroom'Coal'Measures' $23.6'
Chinchilla_4' CH_1' 1246.69' ' Back'Creek'Formation' $25.9'
Chinchilla_4' CH_2' 1243.37' ' Back'Creek'Formation' $25.1'
Chinchilla_4' CH_3' 1243' ' Back'Creek'Formation' $25.6'
Chinchilla_4' CH_4' 1242.1' ' Back'Creek'Formation' $26.3'
Chinchilla_4' CH_5' 1241.85' ' Back'Creek'Formation' $25.7'
Chinchilla_4' CH_6' 1236.31' ' Back'Creek'Formation' $25.7'
Chinchilla_4' CH_6' 1236.31' ' Back'Creek'Formation' '
Chinchilla_4' CH_7' 1228' ' Back'Creek'Formation' $24.1'
Chinchilla_4' CH_7' 1228' ' Back'Creek'Formation' $24.3'
Chinchilla_4' CH_8' 1227.27' ' Precipice'Sandstone' $25.7'
Chinchilla_4' CH_8' 1227.27' ' Precipice'Sandstone' '
Chinchilla_4' CH_9' 1123.4' ' Boxvale'Sandstone'Member' $24.1'
Chinchilla_4' CH_9' 1123.4' ' Boxvale'Sandstone'Member' $24.7'
Chinchilla_4' CH_10' 1123.08' ' Boxvale'Sandstone'Member' $24.6'
Chinchilla_4' CH_10' 1123.08' ' Boxvale'Sandstone'Member' '
Chinchilla_4' CH_11' 1110.72' ' Boxvale'Sandstone'Member' $24.5'
Chinchilla_4' CH_11' 1110.72' ' Boxvale'Sandstone'Member' $24.7'
Chinchilla_4' CH_12' 1107.58' ' Boxvale'Sandstone'Member' $23.7'
Chinchilla_4' CH_13' 1093.9' ' Boxvale'Sandstone'Member' $25.3'
Chinchilla_4' CH_14' 1085.29' ' Boxvale'Sandstone'Member' $26.9'
Chinchilla_4' CH_15' 1048.06' ' Boxvale'Sandstone'Member' $20.9'
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Chinchilla_4' CH_16' 1047.56' ' Westgrove'Ironstone'Member' $24.7'
Chinchilla_4' CH_17' 1045.86' ' Westgrove'Ironstone'Member' $22.2'
Chinchilla_4' CH_17' 1045.86' ' Westgrove'Ironstone'Member' $21.8'
Chinchilla_4' CH_18' 1036.4' ' Westgrove'Ironstone'Member' $23.0'
Chinchilla_4' CH_19' 1032.47' ' Westgrove'Ironstone'Member' $22.1'
Chinchilla_4' CH_20' 1019.59' ' Westgrove'Ironstone'Member' $16.2'
Chinchilla_4' CH_21' 1015.07' ' Evergreen'Formation' $22.3'
Chinchilla_4' CH_22' 993' ' Evergreen'Formation' $25.1'
Chinchilla_4' CH_23' 944.5' ' Evergreen'Formation' $17.3'
Chinchilla_4' CH_24' 939.02' ' Evergreen'Formation' $12.8'
Chinchilla_4' CH_25' 927.9' ' Evergreen'Formation' $18.3'
Chinchilla_4' CH_26' 904.35' ' Evergreen'Formation' $19.8'
Chinchilla_4' CH_27' 887.2' ' Evergreen'Formation' $23.4'
Chinchilla_4' CH_28' 874.3' ' Evergreen'Formation' $23.5'
Chinchilla_4' CH_29' 861.84' ' Hutton'Sandstone' $21.3'
Chinchilla_4' CH_30' 856.49' ' Hutton'Sandstone' $20.6'
Chinchilla_4' CH_31' 835.66' ' Hutton'Sandstone' $23.2'
Chinchilla_4' CH_32' 812.32' ' Hutton'Sandstone' $25.9'
Chinchilla_4' CH_32' 812.32' ' Hutton'Sandstone' $26.5'
Chinchilla_4' CH_33' 766.8' ' Hutton'Sandstone' $24.4'
Chinchilla_4' CH_34' 744.76' ' Taroom'Coal'Measures'' $24.2'
Chinchilla_4' CH_37' 722.8' ' Taroom'Coal'Measures'' $25.4'
Chinchilla_4' CH_38' 718.73' ' Taroom'Coal'Measures'' $24.2'
Chinchilla_4' CH_40' 681.45' ' Taroom'Coal'Measures'' $24.5'
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Chinchilla_4' CH_42b' 664.14' ' Taroom'Coal'Measures'' $24.1'
Chinchilla_4' CH_43' 662.46' ' Taroom'Coal'Measures'' $25.0'
Chinchilla_4' CH_43b' 661.55' ' Taroom'Coal'Measures'' $23.7'
Chinchilla_4' CH_44' 658.48' ' Taroom'Coal'Measures'' $24.1'
Chinchilla_4' CH_44' 658.48' ' Taroom'Coal'Measures'' $24.1'
Chinchilla_4' CH_45' 642.68' ' Taroom'Coal'Measures'' $25.1'
Chinchilla_4' CH_46' 642.23' ' Taroom'Coal'Measures'' $23.5'
Chinchilla_4' CH_47' 638.7' ' Taroom'Coal'Measures'' $25.0'
Chinchilla_4' CH_48' 635.5' ' Taroom'Coal'Measures'' $24.7'
Chinchilla_4' CH_49' 630.55' ' Taroom'Coal'Measures'' $25.0'
Chinchilla_4' CH_50' 630.2' ' Taroom'Coal'Measures'' $24.8'
Chinchilla_4' CH_51' 624.96' ' Taroom'Coal'Measures'' $23.9'
Chinchilla_4' CH_52' 623.11' ' Taroom'Coal'Measures'' $25.1'
Chinchilla_4' CH_54' 601' ' Tangalooma'Sandstone' $25.4'
Chinchilla_4' CH_55' 600.06' ' Tangalooma'Sandstone' $25.1'
Chinchilla_4' CH_56' 596.11' ' Tangalooma'Sandstone' $27.0'
Chinchilla_4' CH_57' 587.2' ' Tangalooma'Sandstone' $24.5'
Chinchilla_4' CH_59' 578.68' ' Tangalooma'Sandstone' $22.7'
Chinchilla_4' CH_61' 564.95' ' Tangalooma'Sandstone' $24.1'
Chinchilla_4' CH_63' 505.3' ' Juandah'Coal'Measures' $24.4'
Chinchilla_4' CH_64' 492.45' ' Juandah'Coal'Measures' $24.5'
Chinchilla_4' CH_65' 491.5' ' Juandah'Coal'Measures' $23.6'
Chinchilla_4' CH_66' 491.15' ' Juandah'Coal'Measures' $23.0'
Chinchilla_4' CH_67' 490' ' Juandah'Coal'Measures' $24.8'
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Chinchilla_4' CH_68' 488.55' ' Juandah'Coal'Measures' $23.5'
Chinchilla_4' CH_68' 488.55' ' Juandah'Coal'Measures' $24.1'
Chinchilla_4' CH_69' 484.75' ' Juandah'Coal'Measures' $23.9'
Chinchilla_4' CH_70' 483.22' ' Juandah'Coal'Measures' $23.6'
Chinchilla_4' CH_71' 481.75' ' Juandah'Coal'Measures' $24.5'
Chinchilla_4' CH_72' 481.05' ' Juandah'Coal'Measures' $24.1'
Chinchilla_4' CH_73' 480.1' ' Juandah'Coal'Measures' $25.3'
Chinchilla_4' CH_74' 479.72' ' Juandah'Coal'Measures' $24.9'
Chinchilla_4' CH_74' 479.72' ' Juandah'Coal'Measures' $25.2'
Chinchilla_4' CH_75' 478.79' ' Juandah'Coal'Measures' $23.5'
Chinchilla_4' CH_76' 477.72' ' Juandah'Coal'Measures' $24.8'
Chinchilla_4' CH_77' 476.92' ' Juandah'Coal'Measures' $24.6'
Chinchilla_4' CH_78' 476.26' ' Juandah'Coal'Measures' $23.9'
Chinchilla_4' CH_78' 476.26' ' Juandah'Coal'Measures' $23.9'
Chinchilla_4' CH_79' 472.76' ' Juandah'Coal'Measures' $24.4'
Chinchilla_4' CH_80' 452.16' ' Juandah'Coal'Measures' $25.2'
Chinchilla_4' CH_81' 451.66' ' Juandah'Coal'Measures' $23.9'
Chinchilla_4' CH_82' 449.2' ' Juandah'Coal'Measures' $24.9'
Chinchilla_4' CH_83' 441.9' ' Juandah'Coal'Measures' $24.1'
Chinchilla_4' CH_84' 436.05' ' Juandah'Coal'Measures' $23.9'
Chinchilla_4' CH_85' 419.63' ' Juandah'Coal'Measures' $23.1'
Chinchilla_4' CH_86' 416.58' ' Juandah'Coal'Measures' $24.1'
Chinchilla_4' CH_88' 413.55' ' Juandah'Coal'Measures' $24.4'
Chinchilla_4' CH_89' 406.13' ' Juandah'Coal'Measures' $24.3'
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Chinchilla_4' CH_89' 406.13' ' Juandah'Coal'Measures' $24.3'
Chinchilla_4' CH_90' 400.37' ' Juandah'Coal'Measures' $23.6'
Chinchilla_4' CH_91' 391.46' ' Juandah'Coal'Measures' $23.3'
Chinchilla_4' CH_92' 390.3' ' Juandah'Coal'Measures' $22.4'
Chinchilla_4' CH_93' 378.02' ' Juandah'Coal'Measures' $22.1'
Chinchilla_4' CH_94' 377' ' Juandah'Coal'Measures' $22.8'
Chinchilla_4' CH_96' 371.91' ' Juandah'Coal'Measures' $20.7'
Chinchilla_4' CH_97' 371.21' ' Juandah'Coal'Measures' $21.8'
Chinchilla_4' CH_98' 366.74' ' Juandah'Coal'Measures' $22.2'
Chinchilla_4' CH_99' 360.95' ' Juandah'Coal'Measures' $21.5'
Chinchilla_4' CH_99' 360.95' ' Juandah'Coal'Measures' $21.8'
Chinchilla_4' CH_100' 364.3' ' Juandah'Coal'Measures' $22.7'
Chinchilla_4' CH_101' 363.31' ' Juandah'Coal'Measures' $21.4'
Chinchilla_4' CH_102' 357.6' ' Juandah'Coal'Measures' $22.6'
Chinchilla_4' CH_103' 355.52' ' Juandah'Coal'Measures' $21.6'
Chinchilla_4' CH_104' 354.26' ' Juandah'Coal'Measures' $23.5'
Chinchilla_4' CH_105' 353.85' ' Juandah'Coal'Measures' $23.8'
Chinchilla_4' CH_106' 348.4' ' Juandah'Coal'Measures' $23.8'
Chinchilla_4' CH_109' 308.83' ' Juandah'Coal'Measures' $24.2'
Chinchilla_4' CH_110' 308.03' ' Juandah'Coal'Measures' $24.2'
Chinchilla_4' CH_111' 298.5' ' Juandah'Coal'Measures' $23.8'
Chinchilla_4' CH_111' 298.5' ' Juandah'Coal'Measures' $23.6'
Chinchilla_4' CH_113' 290.2' ' Juandah'Coal'Measures' $23.3'
Chinchilla_4' CH_114' 287.6' ' Juandah'Coal'Measures' $23.8'
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Chinchilla_4' CH_115' 277.05' ' Juandah'Coal'Measures' $23.2'
Chinchilla_4' CH_116' 275.5' ' Springbok'Sandstone' $25.1'
Chinchilla_4' CH_119' 254.3' ' Springbok'Sandstone' $25.0'
Chinchilla_4' CH_120' 254' ' Springbok'Sandstone' $24.3'
Chinchilla_4' CH_121' 243.95' ' Westbourne'Formation' $24.1'
Chinchilla_4' CH_124' 227.64' ' Westbourne'Formation' $24.8'
Chinchilla_4' CH_124' 227.64' ' Westbourne'Formation' $25.1'
Chinchilla_4' CH_126' 220.51' ' Westbourne'Formation' $26.1'
Chinchilla_4' CH_127' 219.52' ' Westbourne'Formation' $24.6'
Chinchilla_4' CH_128' 217.4' ' Westbourne'Formation' $24.1'
Chinchilla_4' CH_129' 216.27' ' Westbourne'Formation' $24.6'
Chinchilla_4' CH_130' 210.13' ' Westbourne'Formation' $24.6'
Chinchilla_4' CH_131' 202.02' ' Westbourne'Formation' $25.8'
Chinchilla_4' CH_132' 198.61' ' Westbourne'Formation' $24.7'
Chinchilla_4' CH_133' 199.17' ' Westbourne'Formation' $25.6'
Chinchilla_4' CH_134' 198.41' ' Westbourne'Formation' $25.3'
Chinchilla_4' CH_136' 197.8' ' Westbourne'Formation' $24.2'
Chinchilla_4' CH_136' 197.8' ' Westbourne'Formation' $24.1'
Chinchilla_4' CH_137' 195.9' ' Westbourne'Formation' $24.3'
Chinchilla_4' CH_138' 188.3' ' Westbourne'Formation' $25.5'
Chinchilla_4' CH_139' 187.03' ' Westbourne'Formation' $24.4'
Chinchilla_4' CH_140' 186.68' ' Westbourne'Formation' $23.9'
Pleasant'Hills_25' PH_1' 294.5' ' Springbok'Sandstone' $24.9'
Pleasant'Hills_25' PH_2' 295.27' ' Springbok'Sandstone' $25.5'
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Pleasant'Hills_25' PH_3' 299.17' ' Springbok'Sandstone' $24.9'
Pleasant'Hills_25' PH_4' 307.83' ' Springbok'Sandstone' $24.5'
Pleasant'Hills_25' PH_5' 334.58' ' Springbok'Sandstone' $26.2'
Pleasant'Hills_25' PH_6' 335.07' ' Springbok'Sandstone' $25.9'
Pleasant'Hills_25' PH_6' 335.07' ' Springbok'Sandstone' $26.2'
Pleasant'Hills_25' PH_11' 364.4' ' Juandah'Coal'Measures' $22.6'
Pleasant'Hills_25' PH_12' 365.9' ' Juandah'Coal'Measures' $22.5'
Pleasant'Hills_25' PH_13' 366.3' ' Juandah'Coal'Measures' $21.8'
Pleasant'Hills_25' PH_14' 367.74' ' Juandah'Coal'Measures' $22.8'
Pleasant'Hills_25' PH_16' 386.35' ' Juandah'Coal'Measures' $22.1'
Pleasant'Hills_25' PH_20' 429.94' ' Juandah'Coal'Measures' $24.1'
Pleasant'Hills_25' PH_21' 437.34' ' Juandah'Coal'Measures' $24.3'
Pleasant'Hills_25' PH_22' 455.75' ' Juandah'Coal'Measures' $23.7'
Pleasant'Hills_25' PH_25' 512.03' ' Juandah'Coal'Measures' $25.1'
Pleasant'Hills_25' PH_26' 534.7' ' Taroom'Coal'Measures'' $23.9'
Pleasant'Hills_25' PH_27' 540.16' ' Taroom'Coal'Measures'' $23.7'
Pleasant'Hills_25' PH_28' 547.37' ' Taroom'Coal'Measures'' $25.4'
Pleasant'Hills_25' PH_30' 580.23' ' Taroom'Coal'Measures'' $23.5'
Pleasant'Hills_25' PH_31' 583.6' ' Taroom'Coal'Measures'' $23.9'
Pleasant'Hills_25' PH_32' 595.32' ' Taroom'Coal'Measures'' $23.9'
Dalby'1' UQ_1' 806.6' ' Taroom'Coal'Measures'' $25.6'
Dalby'1' UQ_2' 792.4' ' Taroom'Coal'Measures'' $23.3'
Dalby'1' UQ_3' 774.52' ' Taroom'Coal'Measures'' $23.4'
Dalby'1' UQ_4' 754.7' ' Taroom'Coal'Measures'' $23.4'
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Dalby'1' UQ_5' 752.6' ' Taroom'Coal'Measures'' $24.5'
Dalby'1' UQ_6' 747.4' ' Taroom'Coal'Measures'' $24.2'
Dalby'1' UQ_7' 735.75' ' Taroom'Coal'Measures'' $26.3'
Dalby'1' UQ_8' 729.6' ' Juandah'Coal'Measures' $24.6'
Dalby'1' UQ_9' 718.95' ' Juandah'Coal'Measures' $24.0'
Dalby'1' UQ_10' 714.63' ' Juandah'Coal'Measures' $25.2'
Dalby'1' UQ_11' 713' ' Juandah'Coal'Measures' $25.1'
Dalby'1' UQ_12' 693.3' ' Juandah'Coal'Measures' $25.2'
Dalby'1' UQ_12' 693.3' ' Juandah'Coal'Measures' $25.3'
Dalby'1' UQ_13' 682.7' ' Juandah'Coal'Measures' $24.6'
Dalby'1' UQ_14' 671.5' ' Juandah'Coal'Measures' $26.8'
Dalby'1' UQ_15a' 668.4' ' Juandah'Coal'Measures' $25.5'
Dalby'1' UQ_15b' 643.9' ' Juandah'Coal'Measures' $25.6'
Dalby'1' UQ_16' 637.6' ' Juandah'Coal'Measures' $23.8'
Dalby'1' UQ_17' 623.6' ' Juandah'Coal'Measures' $24.7'
Dalby'1' UQ_18' 620' ' Juandah'Coal'Measures' $24.5'
Dalby'1' UQ_19' 596.3' ' Juandah'Coal'Measures' $25.0'
Dalby'1' UQ_20' 592.8' ' Juandah'Coal'Measures' $24.1'
Dalby'1' UQ_21' 591.6' ' Juandah'Coal'Measures' $24.6'
Dalby'1' UQ_23' 586.9' ' Juandah'Coal'Measures' $24.8'
Dalby'1' UQ_24' 570.9' ' Juandah'Coal'Measures' $22.9'
Dalby'1' UQ_25' 556.35' ' Juandah'Coal'Measures' $23.5'
Dalby'1' UQ_27' 542.4' ' Juandah'Coal'Measures' $22.7'
Dalby'1' UQ_28' 531.32' ' Juandah'Coal'Measures' $23.8'
  
 
 
243 
Dalby'1' UQ_29' 527.6' ' Juandah'Coal'Measures' $23.2'
Dalby'1' UQ_30' 510.8' ' Juandah'Coal'Measures' $21.8'
Dalby'1' UQ_31b' 481.1' ' Juandah'Coal'Measures' $22.9'
Dalby'1' UQ_32' 471.35' ' Juandah'Coal'Measures' $22.6'
Dalby'1' UQ_32' 471.35' ' Juandah'Coal'Measures' $22.8'
Dalby'1' UQ_33' 457.5' ' Juandah'Coal'Measures' $23.6'
Dalby'1' UQ_34' 453.45' ' Juandah'Coal'Measures' $22.9'
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9.4! Appendix D - Millimetre-scale lithotype logging of Southleigh 1 
Legend: 
Lithotype$code$ Lithotype*
0' lost'core'
1' carbonaceous'mudstone'
2' dull'
3' bright'
4' fusain'
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9.5! Appendix E - Youngest detrital zircon ages 
Maximum depositional ages for different Eromanga and Surat basin samples, calculated using methods outlined in Dickinson and Gehrels 
(2009). YSP = youngest single grain; YPP = youngest graphical age; YC1σ (2+) = youngest 1σ grain cluster; YC2σ (3+) = youngest 2σ grain 
cluster; YDZ = youngest detrital zircon age. Calculated with Isoplot 2008. Depositional ages for the Walloon Subgroup, Surat Basin, from 
Wainman et al. (2017), determined using CA-TIMS. Youngest detrital zircon ages used throughout chapter 5 are highlighted in red. 
Well name Unit 
Depth 
(m) 
YSG 
(Ma ± 
1σ) 
YPP 
(Ma) 
YC1σ (2+) 
(Ma) 
YC2σ 
(3+) 
(Ma) 
"first" 
YDZ (Ma) 
“second” 
YDZ (Ma) 
“third” 
 YDZ (Ma) Depositional age (Ma)  
Mitchell 1 
Adori Sst 337 146 ±6 167 154 ±4.3 162 ±2.5 143 +8 -13 148 +6 -10 150 +5 -8 - 
Birkhead Fm 362 154 ±4 172 153 ±4.1 157 ±4.4 149 +5 -8 152 +5 -6 155 +5 -6 162-161 Ma for Birkhead Formation (Central Eromanga Basin) 
Birkhead Fm 488 165 ±6 170 169 ±3.4 171 ±2.9 158 +7 -10 161 +5 -7 163 +5 -6 162-161 Ma for Birkhead Formation (Central Eromanga Basin) 
Indy 3 
Springbok Sst 131 142 ±4 146 141 ±4.2 146 ±1.8 136 +5 -10 140 +4 -5 141 +3 -4 149-153 Ma for ‘Walloon facies’ (Western Surat Basin)  
Juandah CM 190 150 ±3 171 152 ±2.8 158 ±2.1 147 +4 -8 149 +4 -5 151 +3 -4 149-153 Ma for ‘Walloon facies’ (Western Surat Basin)  
Juandah CM 236 148 ±3 157 151 ±1.8 153 ±1.3 146 +3 -7 147 +3 -4 148 +2 -3 149-153 Ma for ‘Walloon facies’ (Western Surat Basin)  
Tangalooma Sst 277 153 ±4 168 157 ±3.2 163 ±2.3 152 +5 -8 156 +4 -6 158 +3 -5 149-153 Ma for ‘Walloon facies’ (Western Surat Basin)  
Chinchilla 4 
Springbok Sst 270 139 ±3 147 142 ±1.9 145 ±1.3 136 +4 -6 138 +3 -4 139 +3 -3 <158 Ma (likely <153 Ma, based on Alderley 1 CA-TIMS age) 
Springbok Sst 345 153 ±4 165 151 ±4.2 157 ±1.8 146 +5 -7 150 +4 -6 152 +3 -4 <158 Ma (likely <153 Ma, based on Alderley 1 CA-TIMS age) 
Tangalooma Sst 571 154 ±4 168 157 ±4.2 163 ±3.4 153 +6 -8 157 +5 -7 160 +4 -5 158-164 for ‘Walloon facies’ (Eastern Surat Basin) 
Hutton Sst 728 532 ±7 170 - - 169 +7 -8 178 +8 -7 528 +13 -22 >168 Ma  
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9.6! Appendix F - U-Pb geochronology raw data 
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